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Abstract

The general evolution of stars with initial mass between 0.8 and 8 Mg is believed to
be well understood until the last stages, when significant mass loss starts. However, an
initially spherical star may evolve into an asymmetrical planetary nebula (PN), whereas
the underlying mechanism to this process remains as a puzzle. Until about a decade ago, it
was believed that stars in the asymptotic giant branch (AGB) phase were still spherically
symmetric. Nevertheless, observations performed in the last years show that, for some
sources, elongated and asymmetrical envelopes can already be detected during the AGB
phase. In the following pre-PN and planetary nebula phases, a variety of morphologies is
observed, and the sources are classified into round, elliptical/elongated, bipolar, quadrupo-
lar, multipolar, spiral, collimated lobes and irregular. It is unknown which mechanism or
set of mechanisms is responsible for this change of morphology, making this topic to be
one of the most discussed by the evolved stars community.

To shed some light on this problem, three AGB stars (IK Tau, R Scl, and V644 Sco)
and one red supergiant (VY CMa) were observed at optical wavelengths. We analyzed their
dust scattered emission and searched for signs of upcoming asymmetries in their circum-
stellar envelope. The observations in R band reveal that the dust envelope of the AGB star
IK Tau has a global elliptical morphology, and the presence of a central waist is discussed.
The observation of VY CMa shows a complex morphology in the very extended nebula that
surrounds the source. Furthermore, for the first time the detached shell around the AGB
star V644 Sco was imaged, allowing a better investigation of the mass-loss episodes of the
source. The detached shell around R Scl was also imaged and analyzed. The results re-
ported in this thesis add together with previous works, confirming that the loss of spherical
symmetry in the circumstellar envelope of evolved stars can already start during the AGB

phase.
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Moreover, we studied one of the mechanisms that can play a role in the shaping process
of the circumstellar envelope of these sources: magnetic fields. For this purpose, we in-
vestigated 22 GHz Hs O maser observations around five sources: four AGB stars (IK Tau,
RT Vir, IRC+60370, and AP Lyn) and one pre-PN (OH231.8+4.2). By analyzing the
linear and circular polarization in the masers, we detected the presence of magnetic field
in four of these five sources. We measured the field strengths to be from a few tens up
to a few hundreds of milligauss in the HyO maser region (at a few tens of astronomical
units from the star). Comparing our results with magnetic field measurements from the
literature, obtained at different distances with respect to the stars, we tried to determine
the most plausible geometry of the magnetic fields for the observed sources. However, it is
not yet definitive if the observed fields are toroidal, poloidal, or dipole.

The influence of magnetic fields on the shaping process of the circumstellar envelope
of evolved stars is still unclear, but their detection around AGB stars, pre-PNe and PNe
supports that they might play a role in the process. More measurements of the strength
of the fields, also at different distances to the stars, and the investigation of the geometry
of the fields are fundamental for providing better constraints to models, and for the better

understanding of this subject.
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Chapter 1

Introduction and context

In this thesis the origin of asymmetries in the circumstellar envelope developed by
many low-/intermediate-mass stars in their late stages of evolution is investigated. These
sources maintain their initial spherical symmetry during most of their evolution but, at
some point between the asymptotic giant branch and the planetary nebula phases, they
develop elongations, bipolar features, jets, and/or point symmetrical structures, etc. The
exact moment when the metamorphosis occurs is not yet well determined, nor are the
mechanisms triggering and characterizing this process.

In the present chapter, an overview on the main aspects of stellar evolution and of the
observation techniques used in this work is given. This overview serves as an introduction

to the analysis presented in the following chapters.

1.1 The Evolution of Low- and Intermediate-Mass
Stars

Low- and intermediate-mass stars are stars with initial masses between 0.8 and
8 Mg. A detailed description of their evolution can be found in several standard

books of astrophysms and scientific review articles (e.g. |nghalﬂ h%é m;ﬁmd |19ﬁj
Maciel 1999 |H_aiun.g_&ﬂ£ﬁ&sgm| |209_4| |Hmmé |20Qd) Thus, here only a brief review

of the main evolutionary stages of low- and intermediate-mass stars is given.

The primordial composition of a star depends on the abundances of elements of
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the environment in which the star is born which, in turn, depends on the generation
of the star: Older generations of stars feed the interstellar medium with heavier
elements, enriching newer regions of star formation. However, hydrogen will always

be the major component of the newborn star.

Already during the phase when the molecular cloud contracts to give birth to
the star, at the pre-main sequence phase, the temperature and pressure raise, and
a fusion reaction that creates He® occurs:

H'+ D* = He* + . (1.1)

However, the abundance of deuterium in the star is very low and it gets quickly
exhausted in the fusion process. Thus, the only consequence of this reaction is that
the contraction of the star is slowed down. Once in the main sequence phase, which
is the longest evolutionary stage of the star, the most significant reactions are the
proton-proton chains PPI, PPII, and PPIII, shown respectively in Eqgs. [[L2] [[3] and
[[4, and the CNO cycle, shown in Eq. [L5

H'+H' - D*+et +v
D?*+ H' — He® +~ (1.2)
He®+ He* — He' +2H' |

He® + He' — Be™ +
Be' +e — Li' +v (1.3)
Li" + H* — He* + He* |

Be" + H' — B® 4+
B® = Be® +et +v (1.4)
Be® — 2He* |



1.1. THE EVOLUTION OF LOW- AND INTERMEDIATE-MASS STARS 7

C™ +4H" — O + He* + 28" +2v. (1.5)

All these reactions give stability to the star by counterbalancing the gravitational
pressure and when about 10%-20% of the hydrogen in the core is consumed, the
core contracts and the outer layers of the shell expand. From here on the evolution
of low-mass (0.8 My-1.8 My) and intermediate-mass (1.8 M-8 M) stars differs.

In low-mass stars the thermonuclear reactions stop in the core after the hydrogen
is exhausted in that region, and no counterbalance for the gravitational pressure is
present anymore. As a result the core contracts, raising its temperature and heating
up the neighboring shell. Once the temperature crosses a critical value, the burning
of hydrogen into helium is triggered in this shell, which in turn heats up the outer
layers, which expand as a result, leading to an increase of luminosity of the star. At
this stage the surface area of the star is larger but also colder, inducing the star to
become redder. This is the red giant phase.

The core continues to contract until its temperature is high enough for the helium

to be processed, generating carbon and oxygen through the nuclear reactions shown

in Eqgs. and [L7

He* + He* 2 Be®

1.6
Be® + He* — C*? + | (16)

C2”+ He' - 0% ++. (1.7)

At this stage the core is degenerate, meaning that its pressure does not increase as
a function of the temperature anymore. Therefore, the core does not expand and
the nuclear reactions heat up the core even more. The consequence is an extreme
intensification of the helium burning, leading to a process of runaway fusion. This
process is called the helium flash, which leads to a further temperature increase in
the core until the degeneracy is overcome and the gas can expand and cool down.
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This is a fast process, and the luminosity of the stellar core during the flash is of
about 10! L, (i.e., comparable to a supernova) for a few hours. Most of this energy

is used to expand the envelope and, therefore, does not reach the surface.

Now, the star is again in a stable condition, burning helium in its core and
hydrogen in the neighboring layers. This phase of helium core burning is about ten
times shorter than the previous hydrogen core burning phase. When the helium in
the core is exhausted, the core contracts again, raises once more its temperature
and prompts the outer layers to heat up and expand. Afterward, the core is an
inactive core of carbon and oxygen. However, the temperature of the surrounding
layers reaches a level that is high enough for the helium burning to occur in those
regions, while the outer layers continue burning hydrogen. This is the asymptotic
giant branch (AGB) phase.

In the AGB phase, the interplay of the different layers of the star determines the
stellar surface luminosity. During the first years in the AGB phase, corresponding
to ~3x10° years for a star with initial mass of 1 M, the helium burning layer dom-
inates over the hydrogen burning layer in terms of the contribution to the stellar
surface luminosity. With time, the helium burning shell becomes thinner and the
hydrogen layer becomes more prominent and, in comparison to the helium burning
shell, more luminous. Eventually, the luminosities originating from the different
shells start to oscillate in an inverse correlation pattern. This is the phase of insta-
bility of the AGB star, in which thermal pulses are produced. The thermally pulsing
phase culminates in intense winds that eject the external layers of the star and the

source turns into a pre-planetary nebula (pPN).

Observations of AGB stars have revealed the presence of thin detached shells
(width/radius < 0.1) around some of the stars. It is believed that the formation of
these shells is related to a short but intense event of mass loss related to a helium
shell flash, followed by a period where the mass loss is interrupted or is very low,
before the stable wind blows again. Such an eruptive mass-loss event produces an
expanding shell with a higher velocity than the one from the material previously

expelled. Therefore, the faster shell sweeps up the slower one, creating a detached

shell (IM.&LI&SQJI_GI_&J.JM) The detached shells around AGB stars will be discussed
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in detail in Chapter [@] of this thesis.

The planetary nebula phase is explained by the interacting stellar winds model

) that suggests that the material previously ejected by the AGB
star, expanding as a slow wind (~15 km/s), is compressed by a later fast wind
(~10? km/s) from the central star (the hot exposed core). The swept-up dense shell
is then ionized by the ultraviolet radiation from the central star and the planetary
nebula is produced. Once the nebula dissipates in the interstellar medium, the
central star remains and it is called a white dwarf.

An intermediate-mass star evolves in the same way as a low-mass star until the
hydrogen starts to be burned in the first shell around the core. While the hydrogen
burning takes place in the shell, the core continues to contract and the temperature
continues to raise, heating up the outer layers. The mechanisms that induce the star
to become a red giant are not fully understood, but in this phase the outer layers
are expanded and the surface of the star has cooled down.

The temperature in the core continues to raise until the helium burning can
begin. In this case the core is not completely degenerate, so that the burning
induces the pressure to increase which, in turn, acts to expand the core, decreasing
the temperature. Another contraction of the core induces the helium burning phase
to settle down until this element is exhausted. When this point is reached, the core
collapses again, raising the temperature of the surrounding layers even more and,
now, themselves start to burn helium and the hydrogen is burned in a layer around
the former. The nuclear reactions in the layers continue until dynamical instabilities
and pulses eject the stellar envelope and the (pre-)PN phase is reached.

A visualization of the evolution of a low-/intermediate-mass star is given in
Figure [Tl which shows the evolutionary track of these sources in the Hertzsprung-
Russell (HR) diagram. The HR diagram is a plot of the surface temperature (hori-
zontal axis) against luminosity (vertical axis) of the star.

The description in the previous paragraphs illustrates the general scenario of the
evolution of low- and intermediate-mass stars. However, not all the details of this

process are fully known, and how the ejected layers get shaped to the variety of
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Figure 1.1: Evolutionary track of a low-/intermediate-mass star, from the main sequence
to the white dwarf phase, in the HR diagram.

morphologies observed in PNe is yet to be understood (see Chapter ).

1.1.1 Dust

Dust is an important component of AGB stars and it strongly affects the ther-
modynamical, hydrodynamical, and chemical structure of the source. From all the
astronomical sources with dust formation, AGB stars are responsible for more than
80% of the mass deposited in the disk of the Galaxy (Weinzielrl [1991); [Sedlmayr
1994).
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The dust grains formed in the stars can be of distinct shapes, as three-dimensional
solid grains, flat or curved (two-dimensional) plates, or fractal like structures. They
are generated from a chain of chemical reactions under favorable conditions that
will finally result in solid macroscopic products, depleting the molecular composi-
tion of the gas. Once the hot matter of the star expands, it cools down and dilutes
at larger distances from the star, so that the necessary conditions for the grains to
emerge are reached. When the temperature is below 1500 K, certain atoms and
molecules combine to form stable clusters that may gather other molecules, growing
into macroscopic specimens. The initial process of dust crystallization occurs in a
narrow spatial region, where the temperature is between 1300 K and 700 K, and in

outer neighboring regions, with lower temperature and density, the grains are found
in conditions favorable to grow (IS_ed].maga |199_4I)

Some specific molecules are more significant for the initial step of cluster con-

densation, as they fulfill the following criteria for dust production: (i) The molecule
should be significantly abundant in the gas, (ii) the bounding energy of the molecule
should not be high, and (iii) the molecule should be able to condense in a high tem-
perature environment (between 700 K and 1300 K). Only a small number of species

fulfill these important requirements for the initial step of dust formation (Gail &

Sedlmayr J.M, |l9&7; Sedlmayr |1£i9_4])

Furthermore, dust grains can capture photons, scatter (see Section [32)) them

isotropically and gather part of their momentum. Therefore, dust plays a key role
in the mass-loss process of evolved stars and dust-driven winds are one of the major
mechanisms to eject the material into the medium. Moreover, the presence of dust
in the circumstellar envelope (CSE) is closely related to pulsation of the stars

11986; ILafon & Berruyer [1991).

The radiation scattered by dust can provide us with significant observational

data, which can be used to map the dust distribution in a given source. In Chapters[d]
and [6] observations of this kind are used to investigate asymmetries in the CSE of

evolved stars and structures like detached shells around AGB stars.
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1.2 Observation Techniques

Two distinct observation methods were used for obtaining the data analyzed
in this thesis. For the analysis described in Chapters [l and M, the data were ob-
served with Very Long Baseline Interferometry (VLBI), while for the investigation
in Chapters Bl and [0, the targets have been observed with an optical telescope and
a polarimeter. Thus, in the following the VLBI observations are described in Sec-
tion [L2T] and the details of the optical observations are reported in Section

1.2.1 Very Long Baseline Interferometry

The principle of interferometry is to observe a given source with multiple tele-
scopes simultaneously and to combine the signals from the individual telescopes to
simulate a single telescope with the diameter of the biggest baseline (B; distance
between two given telescopes) of the interferometer. That allows observations with
small angular resolutions (0’) even when the observed radiation has longer wave-
lengths (), as @’ ~ A/B. This technique is based on the principle of interference,
which states that two incoming beams with the same frequency can produce con-
structive interference and thus increase the amplitude of the signal, if they are in

phase.

The individual telescopes that compose an astronomical interferometer are lo-
cated in different positions on Earth (or in outer space, in the case of space VLBI).
Such difference in location causes the signal of a given source to travel different paths
before being detected by each individual telescope. As these paths do not have the
same length, the signals observed by the individual telescopes are not necessarily in
phase (Figure [[2). In order to combine the signals, these differences in the path
lengths have to be corrected for.

In contrast to conventional interferometry, VLBI does not require the telescopes
that compose the interferometer to be physically connected by a transmission line
(e.g., a coaxial cable), allowing the baselines to be much larger and increasing the
angular resolution of the observations up to the order of milliarcseconds (mas).
While longer baselines define the angular resolution of the observations, the shorter
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parallel
waves
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N

Figure 1.2: The signal of the target follows parallel paths before being detected by the
antennas that make up the interferometer. As the antennas are located in different posi-
tions, these paths do not have the same length, and the path difference induces a phase
delay that has to be corrected for.

baselines are needed to detected the extended structures of the source. As in VLBI
the telescopes are not physically connected, the correction for phase delay is not
made in real time. For each telescope, the data are recorded in the facility where
the telescope is located, and the correction for phase delay is made in a future
date at a correlation facility. Further specific calibrations that are not needed in
observations with conventional interferometry but with VLBI are also made during
that stage, like the correction for ﬁiysical and Earth orientation effects, such as
).

The high spatial resolution achieved with VLBI observations is essential for the

tectonic motion influence

identification of individual maser features, while the very high spectral resolution
is needed for the detection of the small Zeeman splitting in the masers. The Very
Long Baseline Array (VLBA) is a Very Long Baseline Interferometer made up of ten
antennas spread across the territory of the United States of America. These antennas
make up baselines from 200 km up to 8600 km and cover the radio frequency bands
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from 300 MHz to 86 GH, making the VLBA ideal for the observations of HyO
masers at ~22 GHz, which were investigated in this thesis.

1.2.2 Observations with the ESO 3.6 m Telescope and the
PolCor Instrument

The ESO 3.6 m TelescopeH is located at the La Silla Observatory in Chile. Its
primary mirror has 3.57 m of diameter and the image quality of the telescope is
better than 0.2 arcsec at the zenith. I used this telescope together with the visitor
instrument PolCor to perform the observations I discuss in ChaptersBland[@l PolCor
stands for Polarimeter and Coronograph. This instrument uses the “lucky image”
method, which has the aim of decreasing the consequences of the seeing effect. The
seeing effect is the consequence of instabilities in the atmosphere, which results in a
given observation being smudged out while the observed radiation is integrated into
an image. The “lucky image” method consists of observations of short-exposure
images with a high frame rate, avoiding the seeing to have a big effect in each
individual image. After the observations are finished, the individual images (the
sharpest ones) are shifted with respect to a reference point in order to compensate
for the seeing effect. This method can improve the quality of the images by a factor

of 20%-30% (Ramstedt et all2011). For more details on these observations, see

Section (.21

1.3 Types of Radiation Analyzed in this Thesis

Radiations of different nature were analyzed in this work. In Chapters B and [, I
report the analysis of HoO maser observations around evolved stars, and investigate
their polarization due to magnetic fields. In ChaptersBland[@l I present observations
of dust scattered light. Thus, in this section I describe the nature of masers in [[L31]
and the mechanism of scattered light polarization in

Ihttps://science.nrao.edu/facilities/vlba/other/Intro%20to%20the’20VLBA
2http://www.eso.org/public/teles-instr/lasilla/36/
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1.3.1 Masers

The Nature of Masers

When an electron in an atom is found in an energy level higher than its ground
state, it can undergo a transition to a lower energy level by emitting a photon
in a process of spontaneous emission. Another possibility is stimulated emission,
where an incident photon with the same energy as the transition energy induces the
transition to occur, resulting in a second photon with the same wavelength, phase,
plane of polarization, and direction as the incident photon to be emitted (Maitland

& Dunn |L9_6d)

When an external mechanism causes the population level of the atoms/molecules

of the medium to be inverted, i.e., the electrons are mostly found in an energy level
higher than the ground state, then a main requirement for a maser emission to
occur is satisfied. Under such conditions, each transition from the upper to the
lower level will produce a photon able to stimulate further transitions with the same
properties, in a ripple effect. This chain of events produces a maser (Microwave
Amplification by Stimulated Emission of Radiation) when the resulting radiation

is in the microwave regime. Often the prime input photon that gives rise to the

the stimulated emissions
presented in Figure [[L3]

ripple effect is generated by a spontaneous emission. This is then amplified by
(m ). A sketch of the maser emission process is

Masers Around AGB Stars

Masers can be observed at different distances from evolved stars and they can
be emitted by different molecules. The three maser species that are mainly detected
around AGB stars and pre-PNe are radiated by SiO, H,O, and OH. When occurring
around AGB stars they trace, respectively, (i) the dust formation zone from ~2 AU
up to ~5 AU from the stellar surface, (ii) the region at tens of AU from the stellar
surface, and (iii) the region more distant to the star, from ~100 AU up to thousands
of AU, where the emission at 1665/1667 GHz originates from a more inward location
than the emission at 1612 GHz (Figure [[L4). Toward pre-PNe, the H,O masers
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Figure 1.3: Sketch of the maser emission process. The circles indicate electrons on an upper
energy state (left). An incident photon stimulates one electron to perform a transition
to the lower state, emitting a photon with the same properties as the incident one. The
process repeats itself in a ripple effect, and the original input radiation is amplified (right).

can be found at similar or greater distances than OH masers (e.g. )

Hereafter, I will refer to these regions as SiO, H,O, and OH maser regions.

Maser Polarization

When an atom experiences the influence of a magnetic field, its energy states
are split into multiple sub-levels. Under these conditions, a given transition that
would otherwise occur between two well-determined energy levels, now may occur
between a number of different sub-levels. This is the principle of the Zeeman effect

) and the distance between the Zeeman sub-levels is proportional to
the strength of the field. Thus, the analysis of the Zeeman effect is a powerful tool
to derive the strength of the magnetic field acting in the medium. The measurement
of the small Zeeman sub-levels splitting in non-paramagnetic molecules like HyO or
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OH
OH

OH
OH -~
/’ HZO\\
i0 OH
OH o9

\HZO H20’

OH OH

OH OH

Figure 1.4: Sketch of masers around an AGB star. The orange dot represents the surface
of the AGB star and the black continuous and the blue dashed circles represent the outer
radius of the SiO and the HoO maser regions, respectively. The outer radius of the OH
maser region is bigger than the size of this figure. The SiO masers are found closer to the
star, between ~2 AU and ~5 AU from the surface, the HoO masers can be detected at
tens of AU to the star, and the OH masers emit from an outer region from ~100 AU to
thousands of AU.

SiO provides the projected value of the field strength B cosf, where 6 is the angle
between the direction of the field and the direction of propagation of the maser.
On one hand, if the stimulated emission is greater than the Zeeman splitting, the
circular polarization in the masers can be dominated by non-Zeeman effects. On
the other hand, if the splitting is higher than the stimulated emission, the decay
rate, and rate of redistribution of the level population over the different maser sub-
states, the circularly polarized masers will be mainly induced by the Zeeman effect.
Additionally, linearly polarized masers occur when the masers start to be saturated

and the stimulated emission approaches the decay rate. Fields stronger than 0.1 mG

are sufficient to polarize maser emissions (Goldreich et al. 192;4; h[]ﬂmnungé |20Dj)

1.3.2 Scattered Light Polarization

In Chapters [l and [ of this thesis the results derived from the observation of
dust scattered polarization of evolved stars are presented. Thus, an overview on
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polarization by scattering is given in the following.

An incident radiation is composed of an electric field (F) perpendicular to a
magnetic field (5) The direction of propagation (§ ) is perpendicular to both, the
electric and magnetic fields. If unpolarized, the directions of E and B vary randomly
in the plane perpendicular to S. When linearly polarized, the directions of E and B

are located on a preferential axis, which will be the case of study in the following.

When propagating, the linearly polarized radiation induces the atoms/molecules
of the medium to oscillate in a parallel direction to E. Oscillating charges are con-
stantly being accelerated and, therefore, radiate. The emission from these oscillating
dipoles is called scattered light, and it will be completely linearly polarized in the
direction perpendicular to S from the original radiation. The scattered light par-
allel to S will be unpolarized and no scattered light is radiated in the direction of
the dipole oscillating axis. A scheme of this process is shown in the left part of
Figure [LA

In the general case of unpolarized incident radiation, the scattered light will
be emitted in every direction, as the axis of oscillation of the atom/molecule is
not constant. As such, the scattered light will be totally linearly polarized in any
direction that is perpendicular to S and the scattered light emitted in an angle
between 0° and 90° will be partially polarized, being more polarized for larger angles
— ado olz_ziloo in direction of § , and 90° perpendicular to it — (Figure [[L3] right part;

[Hecht 2001).

Analogously, dust grains also scatter radiation and even when the grain is irradi-

ated by an unpolarized light, the scattered light is generally polarized. In this case
the polarization occurs when non-spherical grains are aligned by some mechanism,
resulting in the major axis of the grains having a preferred direction. The degree of
polarization will not only depend on the angle of scattering, but also on the wave-
length of the incident radiation and on the properties of the grains (e.g.

|J.99_d; bta&né |20_®) Therefore, the observation of dust scattered light can provide
us with significant information about the dust distribution and dust properties in

the target.

The polarization state of an incident radiation can be described by the Stokes
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Figure 1.5: Polarization by scattering. Left: Linearly polarized incident radiation. Right:
Unpolarized incident radiation. Figure adapted from [Hechtl (2001)).

parameters I, (), U, and V. The total intensity is defined by I, the intensity of linear
polarization is described by @) and U, and the intensity of circular polarization by
V. These quantities are used in Chapters [3 M B, and B and are further discussed
in those chapters.
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Chapter 2

Asymmetries on evolved stars

In this chapter a brief overview is given on asymmetries of mass loss from AGB stars
and planetary nebulae, and on the mechanisms discussed by the scientific community that
may play a role in the shaping process of these evolved stars. The role of a companion
to the star, magnetic fields, accretion disks, torii, and the interaction with the interstellar

medium are discussed.

2.1 Morphologies of (pre-)Planetary Nebulae

In Section [LLT] the evolution of low- and intermediate-mass stars was described.
One unsolved characteristic in the evolution of these objects is the apparent morpho-
logical transition that occurs between the AGB phase and the PN phase. While the
mass loss during the AGB phase exhibits (almost) spherical symmetry, planetary
nebulae present a huge variety of morphologies and only a fraction of them are spher-
ical. About 62% of the pre-PNe and 75% of the PNe in the Galaxy are classified as
non-spherical 1Manchadd m, M) The variety of shapes inspired morphological

classifications including round, elliptical/elongated, bipolar, quadrupolar, multipo-

lar; irregular, collimated lobes, spiral shaped, and subclasses like the presence of
multiple shells and point symmetric features (Figure ). It should be highlighted
that the morphological classification reflects the projection of the objects on the sky.
As a consequence, a fraction of the objects classified as round nebulae may actually

21
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Figure 2.1: Examples of different morphologies of young planetary nebulae. All images
show the Ha emission and were taken with the Hubble Space Telescope (HST). The source
identification and primary morphological classification is given, respectively, on the top
left and top right of each image. Figure adapted from [Sahai et al. (2011).

have a non-spherical three-dimensional geometry. [Manchadd (2003) estimates that
in his sample of 255 sources 17% of the PNe observed as round nebulae may actually
be elliptical nebulae seen pole on. In the same sample, the contribution of bipolar
nebulae seen as round nebulae due to projection effects should be negligible due to
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the low number of bipolar nebulae in the sample.

The morphological classification of a given source is often not straightforward.
For example, a particular PN may show different shapes and structures when ob-
served in different wavelengths, since radiation from distinct processes may trace
different regions of the nebula. Moreover, even when observed in a given band, a
longer exposure time may reveal structures not seen in observations with shorter ex-
posures (Figure22)). Therefore, when classifying a sample of objects, it is important
that each individual target is observed under the same observational settings.

Several studies investigated the correlation between the PN morphology and its
properties (e.g. biﬁnghdlmm_aﬂhm, mm,dl&_mz] |l9_9j; |Gm_n¥ et al. |_‘L99_ﬂ)

Some results from these studies include:

e PNe with multiple shells have central stars that are older than those with

single shell.

e Bipolar PNe are, on average, closer located to the disk of the Galaxy than
elliptical PNe.

e The central stars of bipolar PNe are among the hottest central stars of all
PNe.

e The nebular abundances of bipolar PNe have overabundances of He, N, and
Ne.

e Compared to other morphological types, bipolar PNe are produced by more

massive progenitors.

Despite the broad investigations on the various morphologies of PNe, it is not yet
clear how PNe are shaped. Several mechanisms are proposed to explain the mor-
phological metamorphosis of these evolved stars and I discuss them in the following

section.
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Figure 2.2: Five independent observations of the planetary nebula NGC 6543 show differ-
ent structures of the source, leading to different observed shapes of the PN. In the center
a deep multi-band ([N II] A6584 A+ [O IIT] A5007 A) image observed with the Nordic Op-
tical Telescope in La Palma, Spain is shown (credits: R. L. M. Corradi, D. R. Gongalves).
Superimposed to this, it is shown an amateur ground-based image (top left), a multi-band
(Ha + [N II]A6584 A+ [O ) A6300 A) image taken with the HST (credits: J. P. Har-
rington, K. J. Borkowski, and NASA; top right), a multi-band (Ha + [N II] A6584 A+
[O III] A5007 A+ FR505N) image observed with the HST (credits: NASA, ESA, HEIC,
and The Hubble Heritage Team STScI/AURA; bottom left), and a X-ray image from the
Chandra X-Ray Observatory (credits: Chu et al. and NASA; bottom right). Figure from

Shaw (2012).
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2.2 Possible Mechanisms to Shape the Mass Loss
of Evolved Stars

In this section, mechanisms that might act in the shaping process of mass loss
from evolved stars are discussed. Two of them will be described in more detail:
binary interactions (Section Z.2.T]) and magnetic fields (Section Z2.2)). The need of
binary interactions in the formation of a bipolar planetary nebula is postulated by
several authors (e.g. @M) Possibly the presence of a companion is also needed

to maintain a magnetic field around the evolved star (e.g. [Nordhaus et al. |20_O_ﬂ)

The second mechanism, magnetic fields, is in the focus of Chapters Bl and @ of this

thesis, where the detection of fields around a sample of evolved stars is reported.
Moreover, alternative mechanisms like accretion disks, central waists/torii/disks,
and the interaction with the interstellar medium (ISM) are also briefly discussed
in Section It shall be highlighted that more than one mechanism may act
simultaneously in the shaping process of evolved stars, and that one given mechanism

may induce another one.

2.2.1 Binary Interactions

Several authors (e.g. |SQ]EI] |_L99j; be_MamA |2£)D_d) suggest that the majority of

PNe are generated from the interaction of a binary system and that the existence of

a companion to the central star is needed to form an asymmetric planetary nebula.
This scenario is called Binary Hypothesis. In this hypothesis, binary systems are
classified as: (i) binaries with a very wide orbit (when the orbital period T, of
the system is much larger than the total time of formation and life of the planetary
nebula Tpy), (i) binaries with a wide orbit (when T, is similar to Tpy), (iii) bi-
naries in a close orbit (when the gravitation interaction is significant) that do not
undergo a common-envelope phase, (iv) binaries that undergo a common-envelope
phase but do not merge, (v) binaries that undergo a common-envelope interaction
that results in a merger, and (vi) binary systems composed of a star and a massive
planet or a brown dwarf. According to the Binary Hypothesis these classes of binary
systems can, in contrast to the other suggested mechanisms, generate most of the
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observed morphological cases of PNe, like: almost spherical haloes with elliptically
shaped inner regions (or bubbles), jets, bipolar shapes, axisymmetrical structures,

spiral structures, disks, and small features.

Nordhaus & Blackman (IZDDd) found that even a low-mass companion (less than
0.3 Mg) can influence the mass-loss event of an AGB star, ultimately resulting in

an ejection (partially or fully) of the AGB envelope. Such ejection can occur in
the equatorial plane when the mass loss occurs via the transfer of the orbital en-
ergy from the companion or, when the companion is not able to directly eject the
envelope, the ejection can occur in the polar direction due to induced differential
rotation. In addition, the companion may disrupt into a disk that can then influ-
ence the morphological evolution of the mass loss of the AGB star as described in
Section 2223

Population synthesis calculations predict that ~46000 PNe with nebular radius

less than ~0.9 pc currently reside in the Galaxy (Moe & De Margd M) However,

observations estimate the existence of only about 8000 PNe with the same nebular
radius in the Galaxy (IJ_a.QQ_b;LI |19§d; |]E_1mbﬂﬂ |l9_9d, |l9_9j) The disagreement could

be explained if not all low-/intermediate-mass stars form a PN, as discussed by
hle_l\_/[argd (IZM_d) If the number of PNe predicted by the population synthesis
calculations is multiplied by the fraction of stars that undergo a binary common-
envelope phase (~13%; |H_aL| |L99_5|; De Marcd m_d), there should be ~6000 PNe
with radius less than ~0.9 pc produced by common-envelope interaction in the
Galaxy. However, that result leads to the fact that 75% of the total number of
PNe is produced by common-envelope interaction. The other 25% of PNe would be

derived from weaker binary interactions or from single stars. If this scenario is close
to reality, the majority of PNe are generated from binary systems. However, the
fraction of 75% of PNe produced by common-envelope interaction is far more than

the 10%21% fraction of close binaries on PN central stars (I&mﬂ |l9_7_d; Bond et al.
1992; [Bond 11995, 2000; De Marco et. all 2008; Miszalski et all[2009).

An alternative fate is required to describe the evolution of the ~38000 missing

PNe. A possible solution for that problem could be different time scales for the
evolution of the central star and for the evolution of the nebula. In the two extreme
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cases, if the star evolves too slowly, at the time it gets hot enough to ionize the gas,
the nebula would have been already dissipated into the ISM. On the other hand,
if the evolution of the star is too fast, it would illuminate the nebula only for a
brief period of time m M) Moreover, it is suggested that interactions with
a stellar or a substellar companion could prevent the star from following its natural
evolution, and that about 20% of the low- and intermediate-mass stars would not

even ascend the AGB dﬂe_MaI_@_&_SQk_d |2QLL|)

Another poorly understood detail is the suggestion that bipolar PNe are gener-

ated by more massive progenitors compared to other morphological types of PNe
(e.g., |Sian.gh_e_lllm_ei_alj |1Q9j; Corradi & Schward |_‘L9_9_d). Sokex 19_9§) claims that

binary stars that undergo a common-envelope phase (producing a bipolar PN) would

more frequently have higher masses, whereas stars with lower masses would go
through a more significant interaction with the companion along the red giant phase
(due to its greater radius) and never ascend the AGB. This appears to support the
Binary Hypothesis, however, [De Margd (Ileld) points out that the masses deter-
mined for primaries known to belong to a close binary system are not particularly
high.

In conclusion, so far neither the binary nor the single star evolution are clearly

supported by observations for the formation of asymmetrical planetary nebulae (De

Marco M) It is expected that the investigation on this topic will continue for
years to come.

2.2.2 Magnetic Fields

In recent years, several observational studies have reported the detection of mag-

netic fields around evolved stars (e.g. [Vlemmings et al. m, |1)_O_Ezl; Amiri et al)l2011;
Pérez-Sanchez et al.2011)). Most of these detections are obtained from maser obser-

vations, where different maser species characterize different radial distances to the

star (see Section [L3]] for details). An example of maser measurements of magnetic

fields is reported by 1mi ), where a toroidal magnetic field is

detected almost perpendicular to the collimated outflow of the young pre-planetary
nebula W43A.



28 CHAPTER 2. ASYMMETRIES ON EVOLVED STARS

The origin of these fields is still under investigation by the scientific community.
A possible scenario for their origin is a connection of the birth of magnetic fields with
the large mass-loss rate and the short evolutionary phase of post-AGB stars. The
magnetic fields would drive the AGB winds by magnetic pressure, making the winds
reach high speeds (from a few tens up to 10® km/s) and leading to the formation of
highly collimated pPNe (Garcia-Segura et all 2007).

In general, two distinct shaping scenarios that involve magnetic fields are sug-
gested: In the first case the field is sustained around a single star and acts as the
main force shaping the source via magnetic pressure. In the second case a companion
to the evolved star is needed to maintain the field at levels necessary to significantly
influence the shaping process of the mass loss. In this section I discuss these two

scenarios and the role of magnetic fields on the shaping process of evolved stars.

Is a Companion Needed to Maintain a Magnetic Field Around an Evolved
Star?

If magnetic fields are the dominant process responsible for shaping evolved single
stars, then the field must be sustained over the AGB lifetime. For that to be possible,
it is suggested that the differential rotation between the core and the envelope of
the star has to be re-supplied via convection or another mechanism. Otherwise, the
presence of a companion (a secondary star, a brown dwarf, or a massive planet)
would be mandatory to spin up the envelope of the star, providing the missing

angular momentum to sustain a strong magnetic field around the source (Nordhaus
et al. [2007; Blackman 2009).

Furthermore, according to stellar evolution models, the transfer of angular mo-

mentum from the stellar core to the CSE in single stars is insufficient to provide
a rotation for the envelope that fulfills the requirements of current MHD simula-

tions to generate a bipolar PN (IGarcia—Segura et a1.| |2014J). However, Cantiello et
al. (IZHAI) highlight that the physics of the transport of angular momentum inside
stars is not yet well understood, and that stellar evolution models fail to explain the

observed rotation of stellar cores.

The need for a companion to sustain a magnetic field around the star is sup-
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ported by M), who states that even though the detections of magnetic
fields around evolved stars are significant, this does not necessarily imply that the
magnetic fields are the main force in the shaping process. Moreover, if a companion
is present, it will have the most influential effect in the mass-loss process, making the
magnetic field, at most, play a secondary role. However, locally enhanced magnetic
fields could lead to the formation of moderately elliptical PNe, but not account for

lobes, jets, etc.

The planetary nebula NGC 1360, which has a bipolar jet, brings extra ingredients

to this debate. Attempts of detecting a binary system in this source led to negative

results dﬁ&hmﬂ_&;@bmmﬂ |l91d) Despite the fact that such results do not

discard the possibility of a merger in the past, the current rotational velocity of the

central star is not unusually high, which would be expected if a merger had occurred

fa-Di ) ). Even without evidence for the presence of a companion in

the center of this source, lJordan 1) (2012) reported the detection of a magnetic
field around its central star. While early measurements pointed to a strong field of

the order of 3 kG (Jordan et alJ m)_d), a re-analysis of the data agrees with a much
weaker field, of 244 £162 G (Lhmianﬁc_alj |2Qlj)

Despite the discussion on whether a strong magnetic field can survive around a

single star or if a companion is needed, Bujarrabal et al (lZDQ]J) showed that, for
a sample of 37 pPNe, in about 80% of the sources the radiation pressure itself is
unable to provide the amount of energy observed in the fast collimated molecular

flows, leading to the need of an alternative source of energy to drive the outflows

] |20ﬂl|) If the magnetic fields act only locally instead of globally,
they cannot be responsible for collimating the outflows and another source of en-
ergy is needed to explain the phenomena. Furthermore, while radiation and rotation
alone are insufficient to provide the necessary energy for the collimated outflows, a
combination of rotation, differential rotation and a large scale magnetic field remains
as a possible source of the missing energy. Furthermore, large scale fields are sup-
ported by theory, simulations, and observations of coronae and jets. In conclusion,
dynamos of single stars, magnetic fields fueled by binary interaction, or accretion

engines cannot be ruled out around evolved stars (IBla.kaa.d ).
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How Significant are Magnetic Fields for the Shaping Process of Evolved
Stars?

Several magnetohydrodynamic (MHD) simulations explore how magnetic fields
can act to change the morphology of evolved stars. These simulations assume that
the field is present around the source yet do not explore its origin. In the following,
some relevant results from these simulations are discussed.

Large-scale structures, like thick disks and polar jets, can be successfully gener-
ated by single stars with a super-wind triggered by internal MHD effects (Pascoli
& Lahoche M) Moreover, single stars with masses above 1.3 Mg, that spin up
their rotation just prior to the PN ejection, can create morphologies from spherical

to extremely bipolar even without a magnetic field (in this case, the stellar rotation
rate would drive the shaping process). However, if a magnetic field is included in
the simulations, more elongated shapes are produced, transforming the prior spher-
ical models into elliptical ones, and the bipolar models into more collimated ones.
Thus, a toroidal field is able to constrain the motion of the flow and elliptical or
bipolar nebulae are produced even when the slow wind is spherical. Together with
the interaction of the slow and fast winds, the field can also generate a pair of col-
limated outflows. A stronger field is also capable of blowing out a pair of jets from
the nebula, making the magnetic collimation the most likely mechanism to explain

point-symmetric nebulae, and a potentially significant agent in the origin of FLIERs

(Fast Low Ionization Emission Regions) fa- |l9_9_d) Further com-

parisons between purely hydrodynamic and MHD models were done by Dennis et

al. ZDD_d), who investigated the morphological consequences of the absence /presence
of the fields. This work found profound differences in the shaping process when a
(nested) magnetic field was included.

Other simulations of single stars with global magnetic fields show that the mass
loss of the source can be induced to occur preferentially around the equator, leading

to the formation of a disk. This phenomenon is supplemented by the simultaneous

appearance of a polar jet (I&ML&J@M&J |2£lld) A dipole magnetic field of only
a few Gauss on the star surface and an isotropic wind acceleration mechanism are

sufficient to produce an equatorial disk if the magnetic field energy on the surface



2.2. MECHANISMS TO SHAPE THE MASS LOSS OF EVOLVED STARS 31

of the star is comparable or greater than the energy (thermal plus kinetic) of the
otherwise spherical stellar wind. This is due to the plasma being forced to flow along
the dipole field lines near the star and the outflow being denser in the magnetic
equatorial plane, producing a disk. However, independently of the strength of the
field, there will always be an exterior region where the outflow will be dominated
by the kinetic energy of the wind. This model is valid even for very slowly rotating
stars (unless by the fact that rotation should be needed to maintain the field), and
if more massive stars are more suitable for maintaining a strong field, that could
justify the indication that bipolar PNe are generated by more massive stars (Matt

et al. ﬁ)ﬁd)

Quadrupolar outflow is another global structure that can be produced by mag-
netic fields, as shown by|Mam_e:cﬁJ_J (lZDDd) A dipole field can amplify the rotational
energy of the core of the star and blow the envelope generating such a morphology.

In summary, magnetic fields can have pronounced effects on the morphology of
evolved stars but only if they can survive into and beyond the AGB phase. In the
single star scenario, if viable, the fields can be the primary shaping mechanism.
However, if indeed a companion is needed to sustain the field, then the companion
may act as the main shaping agent, with the fields acting as a secondary shaping
agent.

Discussion

Many open questions related to the presence of magnetic fields around evolved
stars remain. hl‘;LM&rﬁ@I (IZDDSJ) highlight that in order to investigate the correlation
between magnetic fields and companions to the star, the detection of magnetic

fields, especially in binary systems with well-determined parameters, is needed to

provide the observational constraints for the models. [Blackm (Il)ﬁ)_d) reinforces
this necessity by pointing out that the magnetic field measurements statistically
lead to field geometries that drop off like 7~ to =3, where r is the distance to the
star. This range of possibilities only provides a weak constraint on the models.

Furthermore, the question whether the observed fields are local or global needs
to be answered. On this issue, a global magnetic field was observed around the
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planetary nebula S216 through Faraday rotatio. If such a field is confirmed and
found to originate from the PN itself, the measurement is of extreme importance
as it would show that global fields can exist around PNe. However, it is not yet
clear if the field detected in this source is stellar or interstellar (Il.bLa,m.kell |ZD_O_4];
(Garcia-Segural [2006; Ransom et all 2008).

In this thesis, I report the detection of magnetic fields around the pre-Planetary
Nebula OH231.8+4.2 (Chapter B]) and the asymptotic giant branch stars 1K Tau,
RT Vir, IRC+60370 (Chapter M), aiming to increase the number of measurements

of magnetic fields around evolved stars and to shed some light on this controversial

discussion. These results were also published in |L£.@];Eerr_elr_a.j_t_alj (|2ﬂlj, |2Qlj)

2.2.3 Further Mechanisms to Shape the Mass Loss of Evolved
Stars

In addition to binaries and magnetic fields, alternative mechanisms to shape
evolved stars include accretion disks, central waists/torii/disks, interaction with
the interstellar medium, and planetary systems. The case of planetary systems
is analogous to the binary case, and often a planet is considered to act as the
companion of the star. Thus, here I will briefly describe only accretion disks, torii,
and the interaction with the Interstellar Medium as possible alternative mechanisms
to shape Planetary Nebulae.

Accretion Disks

An accretion disk can be formed through mass transfer from a close companion,
or if a merger spins up the AGB star rotation to breakup, a disk can be formed. In
the presence of a disk, a jet can be produced even though the mechanism on how
the jet is launched is not yet understood (IMorrisJ |1987|; |Soker & Liviol |1994I; Balick

& Frank |20Qj) Furthermore, a wobbling accretion disk could induce a precession

in the jet and give rise to point symmetric features (ILM&&_ELu]g]A |l££9.6., |19_9j)

! The Faraday Effect is the rotation of the polarization direction of the radiation induced by the
comgonent of the magnetic field of the medium that is in the direction of the radiation propagation

[1845).
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Torii

While the generation of an accretion disk requires the presence of a secondary
star, a torus might also be able to form without the presence of a companion (e.g.,

Bjorkman & Cassinelli 1993; [Frank [1993; Dorfi & Hoefnex [1996). The formation

of a torus around a single star can be due to different reasons. As an examilez

one possible cause is the presence of cool starspots in the AGB photosphere

). Observations indicate that the presence of a torus is associated with ?ets,

).

and these jets typically appear a few hundred years after the torus

Interaction with the Interstellar Medium

The material expelled by the AGB star is subject to interaction with the ISM.
Several properties are important when such interaction occurs, like the relative ve-
locity between the source and the medium, the density of the ISM, the stellar pro-
genitor mass, and the Galactic magnetic field. The proper motion of the source will
cause the star to appear displaced from the geometrical center of the envelope. Fur-
thermore, simulations show that the interaction with the interstellar medium can
generate bow shocks and elongated tails. If a Galactic magnetic field of a few micro
Gauss is considered, the modeled features become even more collimated (Villaver et
al. |2Qlj7 |2Q1_4]) However, at least in models where the Galactic magnetic field has
not been taken into account, the simulations show that for stars more massive than

3.5 M the interaction with the ISM is expected not to leave any morphological

imprint on the source when it reaches the PN phase (Villaver et al. ).
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Chapter 3

Rotten Egg Nebula: The magnetic
field of a binary evolved star

The analysis and results reported in this chapter are published by Leal-
Ferreira et al. 2012 (A&A, 540, 42)

Most of the Planetary Nebulae (PNe) observed are not spherical. The loss of spherical
symmetry occurs somewhere between the Asymptotic Giant Branch (AGB) phase and the
PNe phase. The cause of this change of morphology is not yet well understood, but mag-
netic fields are one of the possible agents. The origin of the magnetic field remains to be
determined, and potentially requires the presence of a massive companion to the AGB star.
Therefore, further detections of the magnetic field around evolved stars, and in particular
those thought to be part of a binary system, are crucial to improve our understanding of the
origin and role of magnetism during the late stages of stellar evolution. One such binary
is the pre-PN OH231.844.2, around which a magnetic field has previously been detected
in the OH maser region of the outer circumstellar envelope.

We aim to detect and infer the properties of the magnetic field of the pre-PN OH231.8+
4.2 in the Ho O maser region that probes the region close to the central star. This source
is a confirmed binary with collimated outflows and an envelope containing several maser
Species.

In this work we observed the 616—523 HaO maser rotational transition to determine

its linear and circular polarization. As a result of Zeeman splitting, the properties of the

35
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magnetic field can be derived from maser polarization analysis. The Ho O maser emissions
of OH231.8+4.2 are located within the inner regions of the source (at a few tens of AU).

We detected 30 Ho O maser features around OH231.8+4.2. The masers occur in two
distinct regions that are moving apart with a velocity on the sky of 2.8 mas/year. Taking
into account the inclination angle of the source with the line of sight, this corresponds to
an average separation velocity of 21 km/s. Based on the velocity gradient of the maser
emission, the masers appear to be dragged along the direction of the nebula jet. Linear
polarization is present in three of the features, and circular polarization is detected in the
two brightest features. The circular polarization results imply a magnetic field strength of
| Byj|~45 mG.

We confirm the presence of a magnetic field around OH231.844.2, and report the first
measurements of its strength within a few tens of AU of the stellar pair. Assuming a
toroitdal magnetic field, this implies B~2.5 G on the stellar surface. The morphology of
the field is not yet determined, but the high scatter found in the directions of the linear po-
larization vectors could indicate that the masers occur near the tangent points of a toroidal
field.

3.1 Introduction

During the final stages of their evolution, low and intermediate mass stars
(0.8—8 Mg,) evolve from the Asymptotic Giant Branch (AGB) phase to Planetary
Nebulae (PNe). During this transition most of these objects lose their spherical
symmetry. The process responsible for the change of morphology is, so far, not well

understood. jarrabal 1 (lZ_Olﬂ) have shown that, in most cases, the radiation
pressure does not have enough energy to drive the acceleration of the fast bipolar
flows observed in pre-PNe (pPNe). Moreover, the mass ejection on a preferred axis
requires an extra agent to collimate the flow. The possible mechanisms that could
both provide the missing energy to drive the fast flows and that could collimate it on
a preferred axis are: (i) a companion to the star (either a binary stellar companion
or massive planet) and its tidal forces, (ii) disk interaction and (iii) magnetic fields
- or_a_combination of these (|Bahck & Frankl |200j; |Fra.nk et alJ |2007|; Nordhaus et
al. w, and references therein).
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From magneto-hydrodynamic (MHD) simulations, |Garcia-Segura et al. (|L9j)_d)

concluded that magnetic fields can indeed have a pronounced effect on shaping stars
beyond the AGB stage and that, working together with rotation, they can produce
collimated bipolar nebulae and jets. Since then, several other MHD simulations have
been designed to investigate how magnetic fields can shape a pPN and, consequently,
a Planetary Nebula (e.g., |Garcia—Segura et al||2005|' |Garcia—D1’az et al||200§; Dennis

et al. |20_O_d)

Observations of the magnetic fields around evolved stars, however, are still rare.

Most current magnetic field measurements are performed using Zeeman splitting

M) of maser lines (e.g., hﬂ_em.mmgs_e_t_alj |2QQ1|, |20£)d) Each maser

species requires different physical conditions to occur. Therefore, different masers

originate in different locations of the studied object. The SiO masers are found close
to the central star (CS), in regions with a temperature of ~1300 K. The OH masers
are generally expected to occur further out, at a few hundred AU from the CS. For
AGB stars, the H,O maser emission is expected to be intermediate between these
two regions; but for a pPN/PN it can be found at a similar or greater radius than

Ithm%OH maser emission (If‘&h.ed |J.9§j; |B£Jd_&_MﬁnLQn| |J_9_9j; hﬂﬁmmmgs_&_]lmlmj
).

In this work, we aim to investigate the polarization of the HoO maser emission
toward the pPN OH231.8+4.2 (Rotten Egg Nebula; Calabash Nebula), and infer the
properties of its magnetic field. Located at a distance of ~1540 pc (Choi et alJ 2011,

updated from private communication), the bipolar nebula OH231.8+4.2 contains
a binary system in its core, where a Main Sequence type A star accompanies an
evolved star - the Mira variable QX Pup (Iﬁanszbﬁzmuﬂaﬁ_ei_alj |2£)D_4]) The SiO,
H,O and OH maser emission toward the Rotten Egg Nebula have been observed
several times before (e.g., |M0rris et 1| |1 Si; |G(’)mez Rod iquezJ |200]J; Sanchez

Contreras et al. [2_0112; Desmurs et _all 2007, E}LQK@ et _al |20_O§, |20_Qd) These prior

works have shown that the spatial distribution of both the SiO and OH maser emis-

sion lie perpendicular to the nebular symmetry axis, consistent with the presence of
a torus around the equator of the central star. However, the H,O masers (located at
only ~40 AU from the CS) do not follow the same pattern, and are instead located
toward the bipolar structure. Few of the prior studies included polarization mea-
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surements. [Sanchez Contreras et al J (IJM ) note that their SiO polarization maps

are not reliable and (Gomez 1:fue2J (IJM found no circular polarization in

the OH maser emission. [Etoka et alJ M, m ), however, found both circular and

linear polarization in the OH masers, and conclude that a well-organized magnetic

field seems to be flaring out in the same direction as the outflow.

This paper is structured as follows: Section 2 describes the observations, data
reduction, and calibration, and Section 3 includes a presentation of the results.
The results are discussed in Section 4 and the concluding analysis is presented in

Section 5.

3.2 Observations and Data Reduction

The observations of the pPN OH231.8+4.2 were carried out on March 1%, 2009,
using the NRACﬂ Very Long Baseline Array (VLBA), under project code BVO67A.
We observed the HyO 61 6—52 3 rotational transition, at an adopted rest frequency of
22.235081 GHz. We used 2 baseband filters of 1 MHz bandwidth and, following the
VLBA H,O observations of [Desmurs et alJ (IMﬂ) (hereafter; D07), the filters were
centered at Vi, 44.0 km s=! and 26.0 km s—! respectively. This was done in order
to detect both the emission from the northern (NReg; ~30 mas from the CS) and
southern regions (SReg; ~40 mas from the CS) of the source. The observations were
centered on RA((J2000) = 07"42™16.93 and Decy(J2000) = —14°42'50".2. Both
a lower and a higher spectral resolution correlation were performed. The former

was undertaken in full polarization mode (to obtain all 4 Stokes correlations: RR,
LL, RL and LR) over 128 channels, with a resulting nominal channel width of
0.104 km/s. The latter correlation was performed in dual polarization mode (to
obtain RR and LL) over 512 channels, with a resulting nominal channel width
of 0.026 km/s. The synthesized beam size was ~1.7x0.9 mas. The observations
spanned 8 hours, of which 4.7 hours were spent on OH231.8+4.2.

For calibration purposes, we observed J0854+2006. This reference source was

!The National Radio Astronomy Observatory (NRAO) is a facility of the National Science
Foundation operated under cooperative agreement by Associated Universities, Inc.
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used to perform bandpass, phase and polarization calibration. We used the Astro-
nomical Image Processing Software Package (AIPS) and followed the data reduction

procedure documented by [Kemball et _al! (1995), and which has been successfully

adopted by several authors (e.g., hﬂﬂmmm.gs_ei_aﬂ |ZDD_1|; [Sumls_e:c_alj |2Qll|)

Using the low resolution data, we created image cubes for the Stokes parameters

I, Q, U and V. The noise level measured from these image cubes ranges between
~3 and ~5 mJy/beam in the emission free channels. From the Stokes @) and U
images, we derived image cubes for the linear polarization intensity (P) and the linear

polarization direction (also referred to as electric vector position angle, EVPA).

Using the high resolution data, we created image cubes for the Stokes parame-
ters I and V. The noise level measured from these image cubes lay between ~6 and
~10 mJy/beam in the emission free channels. To estimate the polarization leakage
and consequently the minimum believable fractional linear polarization we deter-
mined the Stokes () and U limits for the brightest maser feature with no detected
polarization. We conclude that, at 30, the minimum detected fractional polarization

is ~0.1%, a value that is consistent with the self-calibration method used during the
data reduction, described in further detail by tﬂppﬁ.ll&n_&t_alj (|l9_9_5])

In our analysis we adopted a signal-to-noise ratio cutoff of four times the mea-

sured noise (40). We define a maser feature to be successfully detected when maser
spots located at similar spatial positions (within the beam size) appear and survive
the threshold cut in at least 3 consecutive channels. The position of the maser fea-

ture is then defined by the emission in the channel where the peak appears (see e.g.

Richards et all[2011).

3.3 Results

3.3.1 Masers Location

We detected 30 maser features in total, 20 of them located in the NReg and the
remaining 10 located in the SReg. In Figure Bl we present four plots: 1.a and 1.b
correspond to the NReg, and 1.c and 1.d to the SReg. Plots (a) and (c) show the
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distribution of all 252 maser spots that comprise the 30 maser features. The dashed
vectors indicate the direction of the pPN jet. Plots (b) and (d) show the maser
features, scaled by their flux densities (proportional to the size of the triangles),
and color-coded according to their line-of-sight velocities. The black line segments,
scaled in size by the degree of polarization, show the EVPA (see section B:3.2). The
origin (0,0) of all four plots is centered on the brightest feature we detected, located
in the SReg.

In order to aid the comparison of the observations presented by D07 with the
current work, we over-plotted both observations in Figure B2l Since we did not
use phase-referencing during our observations, unlike D07, we do not have a precise
value for the absolute maser positions (but we do have accurate relative astrometric
information). Therefore, to be able to make this comparison, we assumed a common
origin point at the center of the maser emission. We determined this center point by
taking the mean position over all the 30 maser features detected here, and over 15
of the 16 features detected by D07. We chose not to include maser feature number
16 from DO7 in the analysis, because it is clearly a spatial outlier in the field that
contains the features we observed. Figure shows the entire field of view (NReg
and SReg). The filled triangles represent the 30 features detected in the current
work and the hollow squares show the observations from D07. Five regions (2.A,
2.B, 2.C, 2.D and 2.E) are drawn on the figure to facilitate their identification in
the text.

In the NReg, the positions of the brightest feature and its surrounding features,
are similar to those found by D07, except that the current observations detected
more widespread features (region 2.A). On the eastern side of the brightest northern
feature, at a separation of ~30 mas, we detected only one weak feature, while two
features were detected by D07 in this region, at ~20 mas from the brightest maser
(region 2.B). On the western side of the main feature we detected a group of 7
features that together seem to compose a single extended structure (region 2.C).
This group of features does not appear in the observations of D0O7. Instead, they
found only two features in that same region. Moreover, the emissions we detected
in the NReg are contained within a much wider North-South area (~26 mas) than
that in the D07 image (~13 mas).
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Figure 3.1: Plots a and b (top) corresponds to NReg, and plots ¢ and d (bottom) to SReg.
Plots a and c (left) show the position of all the measured maser spots, and plots b and
d (right) present the maser features. On plots a and c the dashed vectors indicate the
direction of the pPN jet. On plots b and d the size of the triangles are scaled by the maser
fluxes, and the color scale is related to the velocity. The black lines represent the EVPA
and intensity of the linear polarization.
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In the SReg, the distribution of the features we observed is similar to those
presented by D07, but appears to have moved away from the origin. Furthermore, we
detected 10 features in this region, while DO7 detected only six features (considering
only regions 2.D and 2.E). The detections in the current observations are spread
over a wider East-West area (~36 mas) than that reported by D07 (~17 mas).

The 30 maser features and their properties are listed in Table 311

3.3.2 Linear Polarization

We detected linear polarization for three of the 11 maser features in the SReg
(S.05, S06 and S07). The degree of polarization and polarization angles of each
feature are listed, with their respective errors, in columns 8 and 9 of Table3.Il Those
values correspond to the results given by the brightest channel of each feature. The
P error is given by the rms taken from the P image, scaled by the intensity peak.
The EVPA error was determined using the expression ogypa = 0.5 op/P x 180°/7

(Wardle & Krgnberé |L9_7_4])

In Figure B.Ild, the black lines show the direction of the linear polarization of

features S.05, S.06 and S.07. The length of the lines are proportional to the linear
polarized intensity of each feature.

In Figure B3], for each feature for which linear polarization was detected, we
show the polarization vectors across all individual channels. Again the length of the

vectors are scaled in proportion to the linearly-polarized intensity.

3.3.3 Circular Polarization

The total intensity (I) and circular polarization (V') spectra of the maser features

were used to perform the Zeeman analysis described by ' . (lZD_(ﬁ) In
this approach, the fraction of circular polarization, Py, is given by

PV = (Vmaz - me)/]maar
= 2 X AFfF’ X BH[G’auss]/AvL[kms—l]a (31)
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Table 3.1: Maser features detected on OH231.8+4.2

Reg  Label A« A6 I JI Visr P EVPA
(mas) (mas)  (Jy/beam) (Jy) (km/s) (%) )
NReg N.01 —11.2057 81.4210 0.49 0.81 30.2 — -
NReg N.02 +15.8905 67.5530 0.08 0.12 29.4 - -
NReg N.03 —13.3862  78.3560 0.24 0.70 29.2 - -
NReg N.04 —14.2320 76.0570 0.27 0.32 28.5 - -
NReg N.05 —15.2988  73.8400 0.54 1.08 27.4 — —
NReg N.06 —6.31373 84.3500 1.67 1.61 27.1 — -
NReg N.O7T —24.1890 69.6120 0.30 0.46 26.8 - -
NReg N.O8 —22.6036 67.9370 0.33 1.33 26.7 - -
NReg N.09 —16.7119  59.5600 0.26 0.38 26.4 — —
NReg N.10 —25.9197 69.1120 0.92 1.72 26.4 - —
NReg N.11  —21.0261 65.8640 1.42 2.33 26.4 - —
NReg N.12 —8.18628 80.2300 0.72 0.98 26.4 - —
NReg N.13 —15.4815 58.4830 0.34 0.60 26.2 - -
NReg N.14 —9.49584 76.7490 0.86 1.34 26.1 - -
NReg N.15 —18.7994 64.7640 0.49 0.79 26.1 - -
NReg N.16 —13.9092 70.7840 16.47 19.24 25.6 - -
NReg N.17 —13.6490 74.2530 0.43 0.73 25.4 - —
NReg N.18 —6.86105 62.7080 0.09 0.11 24.9 - -
NReg N.19 —15.6860  75.7780 0.11 0.13 24.8 - -
NReg N.20 —8.41686 68.5520 0.31 0.40 24.6 - -
SReg S.01 —9.27134 2.06101 0.08 0.11 44.8 — —
SReg S.02 —-7.57631 6.09103 0.04 0.04 43.6 - -
SReg  S.03 —5.31655  7.60502 0.14 0.23 43.3 - —
SReg S.04 —1.88907 1.84101 0.16 0.31 43.2 - —
SReg S.06 —1.82468 —0.05600 2.55 3.59 42.5 0.63 £0.13 —65+6
SReg S.06 —1.61411 —2.82499 1.35 1.46 41.9 1.15 £ 0.24 458 + 6
SReg S.07  +0.00000 0.00000 5.53 6.77 41.6 028 £0.04 —-32+4
SReg  S.08 —34.4941 —1.73098 0.10 0.14 40.2 - —
SReg S.09 —29.9659 —3.77899 0.04 0.05 40.0 - -
SReg S.10 —35.9028 —3.57598 0.05 0.07 39.3 - -

From left to right, the following maser parameters are presented: region of location (Reg); feature
label (Label); right ascension offset, in reference to Figure Bl (A«); declination offset, in reference
to Figure Bl (Ad); peak intensity (I); integrated intensity ([ I); radial velocity (Vis,); P; EVPA.
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Figure 3.3: Maser spots of the features S.05, S.06 and S.07. The triangle sizes are scaled
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46 CHAPTER 3. THE MAGNETIC FIELD OF A BINARY EVOLVED STAR

where V.. and V,,;, are the maximum and minimum of the model fitted to the V'
spectrum and 1., is the peak flux of the emission. Ap_p is the Zeeman splitting
coefficient, whose exact value depends on the relative contribution of each hyperfine
component of the HyO 6, 6—523 rotational maser transition. We adopt the value

Ap_p = 0.018, which is the typical value reported by M_Qmm.mgs_eiﬁl.l (IZM)

Bj|Gauss) 1s the projected magnetic field strength along the line of sight, and Awvy,

is the full-width half-maximum of the I spectrum. Although the non-LTE analysis

in [Vlemmings et al. (IQJ)Dj) has shown that the circular polarization spectra are not
necessarily strictly proportional to dI/dv, using Ap_p determined by a non-LTE
fit introduces a fractional error of less than ~20% when using Eq. 1. To increase
the signal-to-noise ratio of the I and V spectra, we smoothed the data by applying
a running average over three consecutive channels. We note that the same result,

albeit at lower signal-to-noise ratio, was obtained using the non-smoothed spectra.

In Figure [3.4] we show the spectra from Stokes I and V', with al subtracted.
Over-plotted on the V' spectrum (red), we show the model curve that best fits
the spectrum (blue). From this model fit, we derive a magnetic field strength of
B||(NReg) = 44 £ 7 mG and Bj(SReg) = — 29 £ 21 mG. The reported errors are
based on the single channel rms using Eq.1, but similar errors were found using a chi-
square analysis of the model circular polarization fitted to the smoothed spectra.
We also further confirmed the result for both maser features by performing the
chi-square analysis on spectra smoothed to different spectral resolutions (up to ~
0.2 km s71). This leads us to conclude that the detection in the SReg is marginally
significant. The flux densities of the other 28 features, however, where not sufficient

for a detection of circular polarization.

3.4 Discussion

3.4.1 Kinematics

Assuming that the maser features observed in this work, at the epoch of March 15
2009, correspond to approximately the same features detected by D07 on November
24" 2002, we can estimate the apparent proper motion between both observational
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Figure 3.4: Spectra of the Stokes I (top) and V' (bottom). On the left hand side we
present the spectra on the spatial position of the peak emission of the NReg. On the
right hand side we show the spectra on the spatial position of the peak emission of the
SReg. From the best fit model (blue line) we obtained Bj(NReg) = 44 + 7 mG and
B|(SReg) = — 29 & 21 mG.

epochs. We compared the distance between the mean position of all features located
in region 2.A to the mean position of all features located in region 2.D in our data
(Figure B.2), against the distance between the two corresponding points from DO7.
We present these mean positions and the offsets between the two observational
epochs in Table B2l The offsetsﬁ in a and 4 give a total offset of 14.4 mas which,
at a distance of 1540 pc, corresponds to 22.2 AU. Accordingly, for the time elapsed
between the observations (2288 days), the velocity of the separation between the
two mean points on the sky is computed to be 2.3 mas/year, or 16 km/s. Assuming
the inclination of the bipolar flow is 1=36° (IK&SIJEML_&].J M; lS.bllLe_eLa.Ll |19_9d),
the real separation velocity is 21 + 11 km/s.

Furthermore, we considered the overall distribution of the maser spots for all
features that we observed. In Figure 1.a we show that the spots in the NReg appear

2These offsets occur in tangent plane project in the sky. So, strictly, the o and ¢ listed in
Table correspond to the coordinate angles of these projections.
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Table 3.2: Coordinates of the center (mean) points of the features located in regions 2.A
and 2.D, from Figure B2} and their offsets between the observations from D07 and ours

Reference Reg A« Ad
(mas) (mas)
Present work NReg +2.3 +29.2
Present work SReg +9.7 —44.0
D07 NReg +2.6 +26.2
D07 SReg +2.4 —34.6
Offset NReg —-0.3 +2.9
Offset SReg +74 —94
Offset Total 7.7 12.3

From left to right: Reference, Region (Reg), Offset right ascension (A«), Offset in
declination (AJ).

to align well with the direction of the nebular jet. The same property is found for
the spots from the SReg, as can be seen more clearly in Figure In particular,
the spots from feature S.07 appear to be closely aligned with the direction of the
jet. However, despite being co-linear with the jet, the HoO maser outflow velocity
is significantly lower than that reported for the jet, v, ~ 330 km s~! (Sanchez

Contreras |l9_9l|) Hence, our interpretation is that the masers are being entrained
by the jet but are not located in the jet itself. As a consequence, the maser spots
have a velocity gradient; with higher velocity further from the origin. The nature
of the HoO masers in OH231.844.2 is thus very different from that of the water
fountain sources where the HoO masers lie at the tip of their fast bipolar outflows
(e.g [lmai et all 2002).

It is important to highlight, however, that a more precise kinematics analysis

will require more accurate astrometric observations.

3.4.2 Polarization

We detected linear polarization for three HoO maser features, all of them located
in the SReg (S.05, S.06 and S.07). According to maser polarization theory, the
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direction of the linear polarization can be either parallel or perpendicular to the
direction of the magnetic field lines. It is parallel when the angle between the
magnetic field and the direction of maser propagation (6) is less than the van Vleck

angle (~55°), and it is perpendicular when 6 is greater than this angle (Goldreich

et al. |l9_7j) The percentage of linear polarization is affected by # and by the degree
of saturation. Based on the level of linear polarization detected (~ 1%) we cannot
conclude definitively in which regime - parallel or perpendicular - the masers of
OH231.8+44.2 occur.

The linear polarization angles of the features S.05, S.06 and S.07 display a sig-
nificant scatter (FigB.Jld). The cause of this scatter is not known, but we propose
three different scenarios: (i) the scatter could be caused by turbulence, or (ii) in the
case of a toroidal magnetic field, the masers could be located at its tangent points;
both would explain the different local directions of the field, or (iii) the scatter could
be caused by internal Faraday rotation M ) Under the effect of Faraday
rotation, the linear polarization angle of the emission (®) is rotated by

®[°] =2.02 x 107% L[AU] n.[em™®] B[mG] v *[GH=], (3.2)

where L is the path-length of the maser emission through a medium with magnetic
field B and electron density n. at a frequency v. By assuming typical values
L~10 AU and Bj~50 mG for the H,O masers, Eq. 2 becomes: ®~0.02° x n,. For
the Faraday rotation angle to be of the order of the observed scatter, an electron
density of order 10? is required. For example, if 1n,~2000 cm~3, then ®~40°. For
an electron density of this order at this distance to the central star(s), the fractional
ionization would be significantly higher then for a regular evolved star. However,
considering the pre-PNe nature of OH231.8+4.2 this cannot be completely ruled out.
Still, we consider either scenarios (i) and (ii) more likely than the internal Faraday
rotation effect. We note, however, that both scenarios (i) and (ii) differ from the

results reported by Mﬁﬁﬂ (IMQ) for the OH maser region. The OH masers
indicate a uniform field that seems to be flaring out in the same direction of the jet.
However, the H,O and OH masers occur in very different regions. While the current
work finds the H,O masers to be located at ~40 AU from the CS, the OH masers
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are located on a torus with a radius of ~2 arcsec (Zijlstra et al. M; Etoka et alJ

). At 1540 pc this correspond to a distance of ~3100 AU.

We detected circular polarization for two maser features. Based on these de-
tections, we determined the strength of the magnetic field in each feature to be
(Bj(NReg) = 44 + 7 mG, Bj(SReg) = — 29 £ 21 mG). If, as argued in Sect. 3.3
that the detection in the SReg is marginally significant, it is evident that the mag-
netic field in the SReg has an opposite sign compared to the field in the NReg -
the positive sign indicates that the direction of the magnetic field is away from the

observer, while the negative sign corresponds to a direction toward the observer.

A precise determination of the morphology of the magnetic field is not possible
from the current work, as different field morphologies can fit the circular and linear
polarization results obtained here. To reach a final conclusion as to the morphology
of the magnetic field of OH231.844.2 more sensitive polarization information is
necessary. If, however, we assume a tormdaﬁ magnetic field (B oc r~1), it is possible
to extrapolate the field strength to the stellar surface. By taking the separation
between the NReg and SReg, and assuming that the CS is located centrally between
the two, each HoO maser region is at ~40 AU from the star. Therefore, from the
measured Bj for these regions, the magnetic field strength on the stellar surface
(taken to have a radius of ~ 1 AU) must be ~2.5 G.This is consistent with the

result found for W43A (1.5 G; [Vlemmings et al. |J)_Od This value presents a lower

limit if the magnetic ﬁeld vs. radius relation has a steeper than toroidal dependence.

3.5 Conclusions

We detected 30 HoO maser features toward OH231.8+4.2. By comparing the

current work with the prior observations of |Iksmurs_e_tjlj (IZQDj), we can conclude
that the features are moving away from the central star. The average separation

velocity of the masers is 21 £+ 11 km/s. Furthermore, the masers appear to be
dragged in the direction of the collimated outflow. This likely indicates that the

masers arise in the turbulent material that is entrained by the jet.

3Note that solar-type and dipole fields have r~2 and r—2 dependencies, respectively.
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We detected linear polarization for three HoO maser features. The large scatter
in the directions of the linear polarization could be caused by turbulence, or could
be due to the masers being located close to the tangent points of a toroidal magnetic
field. The possibility of Faraday rotation has also been investigated but, unless the
electron density is exceptionally high (= 2000 cm™3), is ruled out.

Based on the detection of circular polarization for two maser features, we de-
termined that the strength of the source magnetic field is B (NReg) = 44 £ 7 mG
and Bj(SReg) = — 29 £ 21 mG. The exact morphology of the field in the HyO
maser region could however not be determined. Assuming a toroidal magnetic field

(B oc r71), the extrapolated magnetic field strength on the stellar surface is ~ 2.5 G.

Our polarization detections, together with the results from MM.J (IZDDEJ),
make pPN OH231.844.2 the first evolved star that is known to be a binary and
in which the presence of a magnetic field is confirmed throughout the circumstellar

envelope. A more comprehensive model of the magnetic field morphology and its
potential evolution based on a comparison of the inner and outer wind will require

more sensitive observations.
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Chapter 4

Magnetic fields around evolved
stars: Further observations of HoO
maser polarization

The analysis and results reported in this chapter are published by Leal-
Ferreira et al. 2013 (A&A, 554, 134)

A low- or intermediate-mass star is believed to maintain a spherical shape through-
out the evolution from the main sequence to the Asymptotic Giant Branch (AGB) phase.
However, many post-AGB objects and planetary nebulae exhibit non-spherical symme-
try. Several candidates have been suggested as factors that can play a role in this change
of morphology, but the problem is still not well understood. Magnetic fields are one of
these possible agents. We aim to detect the magnetic field and infer its properties around
four AGB stars using Hy O maser observations. The sample we observed consists of the
following sources: the semi-reqular variable RT Vir, and the Mira variables AP Lyn,
IK Tau, and IRC+60370. We observed the 616—923 HoO maser rotational transition in
full-polarization mode to determine its linear and circular polarization. Based on the Zee-
man effect, one can infer the properties of the magnetic field from the maser polarization
analysis. We detected a total of 238 maser features in three of the four observed sources.
No masers were found toward AP Lyn. The observed masers are all located between 2./

and 53.0 AU from the stars. Linear and circular polarization was found in 18 and 11
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maser features, respectively. We more than doubled the number of AGB stars in which
a magnetic field has been detected from Hs O maser polarization. Our results confirm the
presence of fields around IK Tau, RT Vir, and IRCH+60370. The strength of the field
along the line of sight is found to be between 47 and 331 mG in the HyO maser region.
Extrapolating this result to the surface of the stars, assuming a toroidal field (< 1), we
find magnetic fields of 0.3—6.9 G on the stellar surfaces. If, instead of a toroidal field,
we assume a poloidal field (x 7=2), then the extrapolated magnetic field strength on the
stellar surfaces are in the range between 2.2 and ~115 G. Finally, if a dipole field (x r—3)
1s assumed, the field strength on the surface of the star is found to be between 15.8 and
~1945 G. The magnetic energy of our sources is higher than the thermal and kinetic energy
in the HoO maser region of this class of objects. This leads us to conclude that, indeed,

magnetic fields probably play an important role in shaping the outflows of evolved stars.

4.1 Introduction

Low- and intermediate-mass stars (0.8—8 M) are believed to maintain their
sphericity until the asymptotic giant branch (AGB) phase. Even though some AGB

stars are slightly elliptical (e.g., Reid & Menten bOQj; ro-Carriz 1. md),
many planetary nebulae (PNe) do not present any spherical symmetry. How an
almost-spherical AGB star gives rise to a non-spherical PN is still an open question.
A companion to the star (binary system or a massive planet), disk interaction, the
influence of magnetic fields, or a combination of these agents are candidates to

I%ain this phenomenon (IBﬁlmk_&_EnamJ |20Qj; [Em&k&.‘uﬂj |2£M)j; Mhﬁus_eijij

and references therein).

Magneto-hydrodynamic (MHD) simulations show that the magnetic field can be
an important agent in shaping post-AGBs and PNe (e.g., (Garcia-Segura et al. |L9£)_d,
|20Q5J; Qam.a;]lla.z_eLaJ.J hﬂiﬁ; |Ilenms_e_t_alj |20ﬂd) Moreover, recent observations
support the presence of magnetic fields around AGB and post-AGB stars (e.g., Amiri

et al. ZQ]_]J; Pﬁr_ez;Sﬁnchﬂ_eile 2Q].l|; Leal-Ferreira et _al |2£)_]_2.; Vlemmings et al.

@) However, the sample of low and intermediate mass evolved stars around which

magnetic fields have been measured is still small. So far, detections of magnetic
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field from H,O maser polarization were reported around two AGB stars only; U Her

and U Ori S@Mgwui] M, M) Also, the morphology and strength of

the magnetic field as a function of radial distance throughout the circumstellar

envelope is still unclear. Observations of different magnetic field tracers are needed
to constrain the field dependence on the radial distance from the star and, therefore,

improve future MHD simulations.

Different maser species can provide information about different regions around
these objects. While SiO masers are expected to be found within the extended
atmosphere of the star (between the photosphere and the dust formation zone), OH
masers are detected much further out (~65—650 AU). The H,O masers emit at an
intermediate distance to the star, between the SiO and OH maser regions. The
distance of the HoO masers from the star is expected to lie within a few to less than
a hundred AU (e.g., @mﬁ |l_9§i|; Bowers et al. |L9&d; |EMZ_uL| |l_9_9j)

The present work aims to enlarge the number of magnetic field detections around

low- and intermediate-mass evolved stars. We imaged five sources of this class using
very-long-baseline interferometry (VLBI), in full-polarization mode, with the goal
of detecting HyO masers around them. As a result of Zeeman splitting (m

), we can measure the magnetic field signature on maser lines by investigating
the polarized emission of the masers (e.g., hﬁmmmgs_ej_alj [ZDQ]J, bDD_d)

Our sample is composed of the pre-PN OH231.8+4.2, the semi-regular (SR)
variable RT Vir, and the Mira variables AP Lyn, IK Tau, and IRC+60370. We
presented the results of OH231.84-4.2 in h‘ﬁal:&ﬂﬂhaﬁ_aﬂ (IZD_]_j) The analysis of
the four remaining sources is presented in the present paper. Single-dish SiO maser

observations in full-polarization mode have been previously reported by Herpin et
al. (2006) for RT Vir, AP Lyn, and IK Tau. Their results show a magnetic field of
0< BH[G] < 5.6 in RT Vir, 0.9 < BH[G] < 5.6 in AP Lyn, and 1.9 < BH[G] < 6.0
in IK Tau. The AGB star RT Vir also shows strong circular polarization in single

dish OH maser observations, indicating a strong global magnetic field (Szymeczak et

al. |20_Ql|) We did not find any literature reports concerning the magnetic field for
IRC+60370 in the SiO maser region, nor for AP Lyn, IK Tau, and IRC+460370 in
the OH maser region.
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Table 4.1: Low- and high-resolution correlation passes

Label Ngans BW Av PolMode
(MHz) (km/s)

Low 128 1.0 0.104  Full (LL,RR,LR,RL)

High 512 1.0  0.026 Dual (RR,LL)

Correlation parameters for the low- and high-resolution correlation passes. Descrip-
tion of Cols. 1 to 5: The label of the observed data — low- (Low) and high- (High)
resolution — (Label), the number of channels (Niqns), the bandwidth (BW), the
channel width (Av), and the polarization mode (PolMode).

This paper is structured as follows: in Sect. 2, we describe the observations, data
reduction, and calibration; in Sect. 3, we present the results; in Sect. 4, we discuss
the results and, in Sect. 5, we conclude the analysis.

4.2 Observations and data reduction

We used the NRA Very Long Baseline Array (VLBA) to observe the HyO
61,6—523 rotational maser transition at a rest frequency toward 22.235081 GHz of
the stars in our sample. In each observing run, we used two baseband filters and per-
formed separate lower (Low) and higher (High) resolution correlation passes. The
first was performed in full-polarization mode and the second in dual-polarization
mode. We show the characteristics of the Low and High correlation passes in Ta-
ble 1] and the individual observation details of each source in Table

We observed different calibrators for each target. Each calibrator was observed
during the same run as its corresponding target. For the calibration of RT Vir,
we used 3C84 (bandpass, delay, polarization leakage, and amplitude). To calibrate
IK Tau, we used J0238+416 (bandpass, delay, and amplitude) and 3C84 (polarization
leakage). To calibrate IRC+60370, we used BLLAC (bandpass, delay, polarization
leakage, polarization absolute angle, and amplitude). Unfortunately, no good ab-

!The National Radio Astronomy Observatory (NRAO) is a facility of the National Science
Foundation operated under cooperative agreement by Associated Universities, Inc.



Table 4.2: Source observation details

Code Source Class Visr(IF1) Vi (IF2)  Beam RAg Decg Date
(km/s) (km/s) (mas) (J2000) (J2000) (mm/dd/yy)
BVO067A* OH231.8+4.2 pre-PN +44.0 +26.0 1.7x0.9 07742™16.93° 14°42'50”.2 03/01/09
BV067B AP Lyn Mira variable -19.5 -32.5 — 06"34™34.88°  +60°56’33” .2 03/15/09
BV067C IK Tau Mira variable +42.5 +29.5 1.2x0.5 03"53m28.845 +11°24’22” .6 02/20/09
BV067D RT Vir SR variable +25.5 +12.5 1.2x0.9 13"02™37.98% +05°11'08” .4 03/15/09
BVO067E TRC+60370 Mira variable —44.5 —57.5 0.8x0.5 22M49m58.88%  4+60°17°56”.7 03/05/09

*Presented in Leal-Ferreira et al. (2012)

From left to right: The project code (Code), the name of the source (Source), the nature of the source (Class), the velocity
center position of each of the 2 filters (v;s,), the PSF beam size (Beam), the center coordinates of the observations (RA and
Decy), and the starting observation date (Date).

NOLLONAdHAY VIVA ANV SNOLLVAHHSHIO ¢'F
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solute polarization angle calibrator were available for RT Vir and IK Tau, making
it impossible to determine the absolute direction of the linear polarization vectors
(also referred to as electric vector position angle; EVPA). However, the relative
EVPA angles for individual polarized components within RT Vir are still correct
(no linear polarization was detected for IK Tau). To determine the absolute EVPA
of TRC+60370, we created a map of BLLAC and compared the direction of the
measured EVPA with that reported in the VLA/VLBA polarization calibration
databaseﬁ. Our IRC+60370 observation was carried out between the calibration
observations of February 21 and March 19, 2009 in that database, where the polar-
ization angle of BLLAC changed from 25.7° to 26.0°. We thus adopted a reference
angle of 25.8° to obtain the absolute EVPA.

After an initial analysis of the raw data, we did not detect any maser emission
around AP Lyn and so did not proceed with further calibration of this data set.
For the other three targets, we used the Astronomical Image Processing Software
Package (AIPS) and followed the data reduction procedure documented by Kemball

et al. (M) to perform all the necessary calibration steps. This included using
the AIPS task SPCAL to determine polarization leakage parameters using a strong

maser feature.

After the data were properly calibrated, we used the low-resolution data to create
the image cubes for the Stokes parameters I, @), U, and V. The @) and U cubes
were used to generate the linear polarization intensity (P =+/Q? + U?) cubes and
the EVPA cubes. The noise level measured on the emission-free channels of the
low-resolution data cubes is between ~2 mJy and ~6 mJy. The high-resolution
data were used to create the data cubes of the Stokes parameters I and V', from
which the circular polarization could be inferred. The noise level measured from
the emission-free channels of the high-resolution data cubes is between ~5 mJy and
~11 mJy.

The detection of the maser spots was done by using the program maser finder,

as described by lS_W.lr_CJ.s_eI_alJ (IZQLIJ) We defined a maser feature to be successfully

detected when maser spots located at similar spatial positions (within the beam size)

Zhttp:/ /www.vla.nrao.edu/astro/calib/polar/2009/K_band_2009.shtml
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survive the signal-to-noise ratio cutoff we adopted (8 o) in at least three consecutive
channels. The position of the maser feature was taken to be the position of the

maser spot in the channel with the peak emission of the feature (see e.o.. Richards

et al. |2Q]_l|)

4.3 Results

We found 85 maser features around IK Tau, 91 toward RT Vir, and 62 around
IRC+60370. The maser identification and properties are shown in Table L7 In
Figure 1] we show the spatial distribution of the maser components (depicted as
circles). The size of the circles is proportional to the maser flux densities, and
they are colored according to velocity. The black cross indicates the stellar position
determined in Sect.

Positive linear polarization detection is reported when successfully found in at
least two consecutive channels. The linear polarization percentage (Pr) quoted in
Table [£7 is the P;, measured in the brightest channel of the feature. The Py, error
is given by the rms of the P spectrum on the feature spatial position, scaled by the
intensity peak. The EFV PA error was determined using the expression ogypa =
0.5 op/P x 180° /7 (Wardle & Kranerg |L9_7_4]) The linear polarization results are
enumerated in Cols. 8 (P) and 9 (EV PA) of Table 7 In Figure A1l the black

vectors show the E'V PA of the features in which linear polarization is present. The

length of the vectors is proportional to the polarization percentage.

To measure the circular polarization, we used the [ and V spectra to perform

the Zeeman analysis described by [Vlemmings et al. (IZO@) In this approach, the
fraction of circular polarization, Py, is given by

PV - (Vmaa: - Vmin)/]max
= 2 X Ap_p x By|Gauss]/Avi[km/s] , (4.1)

where V... and V., are the maximum and minimum of the model fitted to the
V spectrum, and I,,,, is the peak flux of the emission. The variable Ap_p is the
Zeeman splitting coefficient. Its exact value depends on the relative contribution
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of each hyperfine component of the HyO 6, 6—52 3 rotational maser transition. We
adopted the value Ar_p = 0.018, which is the typical value found by Vlemmings et

al. M) The projected magnetic field strength along the line of sight is given by
Bj and Avy, is the full-width half-maximum of the I spectrum. Although the non-

LTE analysis in h[]ﬂmmmgsﬁjlj (IZDﬂj) has shown that the circular polarization

spectra are not necessarily strictly proportional to dI /dv, using Ap_p, determined

by a non-LTE fit, introduces a fractional error of less than ~20% when using Eq. 1.
We report circular polarization detection when the magnetic field strength given by
the model fit is > 30. The reported errors are based on the single channel rms using
Eq. 1] (see ILeal-Ferreira et al. M, Sect. 3.3, for further discussion). We list the
Py and Bj results in Cols. 10 and 11 of Table .7, where the positive sign on B,
indicates that the direction of the magnetic field along the line of sight is away from

the observer, while the negative sign corresponds to a direction toward the observer.
In Figures 1.2, 3], and 4] we present the I and V spectra and the model fit of V/
spectra for those features in which we detect circular polarization.

4.3.1 1IK Tau

We observed a total of 642 HyO maser spots toward IK Tau. Of these, 525
spots survived the multi-channel criteria and comprise 85 maser features around
this source. In Figs. LIlI, we present the spatial distribution of these 85 maser
features. In Figure [LIIII and ETLIII, we zoom in on the two areas indicated in

Figure 4111

We did not find linear polarization in any maser feature around IK Tau. However,
circular polarization was detected in three features around this source: 1K.20, IK.69,
and IK.84 (see Table [LT). The magnetic field strength along the line of sight given
by the model fits are: —147+15 mG, —96+31 mG, and +215+56 mG, respectively.
These features are identified in Figure [4.]1abeled according to their field strengths.
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Figure 4.1: Maps of the maser features detected toward RT Vir, IK Tau, and IRC+60370. The size of the
circles is proportional to the maser flux densities, and their colors show the velocity scale. The black crosses
indicate the stellar positions (see Sect. [£.4.3). The black lines indicate the EVPA (for RT Vir, they could
not be calibrated in terms of absolute EVPA), and their lengths are proportional to the fractional linear
polarization. The magnetic field strength along the line of sight are also shown for the features in which
we detected circular polarization. The x-axis is the projected offset on the plane of the sky in the direction
of right ascension. The y-axis is the declination offset. The offsets are with respect to the reference maser.
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Figure 4.2: Plots of Stokes I (top; black line) and V' (bottom; red line) spectra of all maser features around
IK Tau and RT Vir in which we detected circular polarization. The blue lines show the best model fit to
each V spectrum. The source, the maser identification, and the magnetic field strength along the line of
sight given by the fit are presented in top-left corner of each plot. The x-axis shows Vigr in km/s and the
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Figure 4.3: Same as Figure for the masers around IRC+60370.
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4.3.2 RT Vir

We observed 830 HyO maser spots toward RT Vir in total. Of these, 671 spots
comprise 91 maser features around this source. In Figure LTIV, we present the
spatial distribution of these 91 maser features and in Figure IV we show an
enlargement of the area indicated in Figure LILIV.

We detected linear polarization in nine features toward RT Vir: RT.31, RT.34,
RT.67, RT.68, RT.70, RT.72, RT.73, RT.75, and RT.90 (see Table 7). Unfortu-
nately, no good polarization calibrator was available, making it impossible to deter-
mine the absolute direction of the polarization vectors (the relative EV PA between

components is still correct).

The distribution of KV PA among the nine features clearly distinguishes two
groups of masers. Six features, located within projected right ascension offset —40 <
aorr S 0 mas and declination offset —10 < 6,5 S 30 mas (Figure EI1V) have
EV PA between —38° and —59°. Another group of features, located within 25 <
Qorr S 35 mas and —15 S dopp S 5 mas (Figure BI1V), also has a small EVPA
dispersion (+38° < EVPA < 464°).

Circular polarization was found in three features around RT Vir: RT.70, RT.75,
and RT.90. From the fit of the V' spectra, we inferred magnetic field strengths along
the line of sight of —1434+12 mG and —1884+6 mG in RT.70 and RT.75, respectively.
We note, however, that the model fit of RT.70 does not superimpose the whole S-
shape structure of its V spectrum. This is a consequence of the strong emission
that peaks at 11.7 km/s (RT.75). Because of this strong emission, a higher noise
is present in the spectra around 11.7 km/s. Therefore, we truncated the RT.70
spectrum at velocity values lower than 12.6 km/s to minimize the impact of this
noise on the fit. However, even with this truncation, a high noise is still present in
part of the V spectrum and so the results from the model fit of RT.70 should be

taken with caution.

The shape of the V spectrum of RT.90 suggests blended emission. There are
many free parameters to be taken into account in fitting emission of blended features.
Consequently, any attempt to obtain a magnetic field strength from RT.90 will not
generate a solution that is unique or robust. However, it is important to emphasize
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that the shape of its V' spectrum clearly indicates the presence of a magnetic field.
As an example, we created a possible fit for this feature. The solution we found for
this fit gives a magnetic field of —84 mG for the slightly more blue-shifted emission
and 463 mG for the slightly more red-shifted feature. The features themselves are
separated by approximately 0.2 km/s and have widths of 0.38 and 0.4 km/s. We
present this possible fit in Figure €41

In Figure 11V, RT.70, RT.75, and RT.90 are labeled with the magnetic field
strength along the line of sight obtained from the model fits shown in Figures [4.2]
A3 and 4.4
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Figure 4.4: Spectra I and V (black curves) of RT.90. The dashed lines show the fit of the
individual blended features. In red, we show a fit for I and V.
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4.3.3 IRC+60370

We observed 658 H,O maser spots in IRC+4+60370 in total. Of these, 634 spots
comprise 62 maser features around this source. In Figure LIl VI, we present the
spatial distribution of these 62 maser features and in Figure I VII and BT VIII we
show an enlargement of the areas indicated in Figure LTI VI.

We detected linear polarization in nine features toward IRC+60370. These nine
features are concentrated in two small projected regions, with areas of ~2 mas?
each. Six of them are located within —2 < a,rr < 0 mas and —1 < dpp S 3 mas
(Figure LI VII; Zoom A). The other three features with linear polarization detection
are located within 27 < a,rp < 29 mas and 6 < do55 S 8 mas (Figure MIIVIIL; Zoom
B). The EVPA of the masers in Zoom A vary from —97° to —39°, while the EVPA

of the masers in Zoom B are between —74° and —132°.

Circular polarization was found in five features around IRC+60370: IRC.44,
IRC.45, TIRC.47, IRC.48, and TRC.58. From the model fit to the V spectra, we mea-
sured magnetic field strengths along the line of sight of +474+3 mG, +266+30 mG,
+3314+82 mG, +2734+18 mG, and —130+£22 mG@G, respectively. We note that, once
more, the model fit of several features does not superimpose the full expected S-
shape of the V spectra. For this source three factors contributed to this: (i) the
limit of the observed spectral range, (ii) features with similar spatial and spectral
position, and (iii) the increase in the noise near -52 km/s, due to the strong fea-
ture IRC.44. Therefore, the results given by the fit to IRC.44, IRC.45, IRC.47, and
IRC.48 should also be taken with caution. In Figure EEILVII, the five features with
circular polarization detection are labeled with the magnetic field strength along the
line of sight that we obtained from the model fits shown in Figures and 3]

4.4 Discussion

4.4.1 Non-detection toward AP Lyn

Several H,O masers toward AP Lyn have been detected before (e.g.. Imai et

al. |L9_9j; Migenes et al. |L9_Qd; Colomer et alJ |ZODd; lSlld.Qll et al. M; Shintani et
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al. M; Kim et al. 2{!1d). Shintani et alJ (Il)ﬂé) monitored this and other sources
from 2003 to 2006, using the Iriki 20 m telescope of the VLBI Exploration of Radio

Astrometry (VERA). They reported a high flux variation, and fit a maser light
curve for Ap Lyn. The peak flux of the H,O masers reported in the other works

vary from ~6 Jy (observed with the VLBA in 1996; |Mlgfm_ew_t_al.| |_L9_9_d) up to

~120 Jy (observed with the Kashima-Nobevama Interferometer in 1992: Sudou et

al. M) Conservatively, we suggest an upper limit of 1 Jy for the flux density of
our non-detection (in the raw data).
Richards et al. (M) give a detailed discussion of the possible causes of HyO

maser variability. They point out that a correlation of the infrared light curve and

maser variability can exist. Also, they disagree with previous papers (e.g.. Shintani

et al. ) stating that no systematic relationship between maser brightness and
the optical phase was found at the times of their observations.

4.4.2 Spatial distribution of the masers

The spatial distribution of the features around IK Tau shows a clear correlation
between velocity and position. While masers with higher velocities (red circles) are
concentrated in the west and southwest, the features with lower velocity (blue cir-
cles) appear, mostly, in the east and northeast (Figure [LIl1). This behavior is also
reported by |B_a.ln5jiﬁ.l.| (IZDDj) They suggest that the shell of IK Tau has an equa-

torial density enhancement. The brightest masers would lie in an oblate spheroid

and the plane of the equator would have an inclination angle ¢ with the line of sight
(45° < 7/ < 90°). The eastern end of the polar axis would then be approaching
us, explaining the east-west velocity segregation. This model also explains why the
IK Tau observations made more than 10 years apart show a persistent east-west off-
set between moderately red- and blue-shifted emission, although individual masers
do not survive for more than ~1.5 years. Our IK Tau data were observed in 2009,
almost 15 years later than the observations reported by |B.ams&.t&.l.| (IZM), and 24
years after the observations reported by ).

Bains et al. (Izogj) also observed a similar east-west velocity offset in RT Vir.
Our data do not show a clear correlation between velocity and position for this
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source (Figure d11), but a moderate enhanced concentration of red-shifted features
in the east is present, while the bluer features are concentrated in the center of the
plot. This is different from the east-west relation seen in Figure 6 of

). In their figure, the red-shifted masers are located on the western side, and

the blue-shifted features are concentrated on the eastern side.

An individual HoO maser has its life time estimated to be less than 1-2 years.
Multi-epoch imaging of 22 GHz HyO masers often shows major changes in the maser
distribution over the years (e.g., EMM M) IK Tau is, therefore, an

exception to this behavior.

4.4.3 Stellar Position

Some of the analysis discussed in this paper requires information concerning the
stellar position in relation to the observed masers (Sects. 4.4l and FE4.5]). However,
the absolute stellar position is not known for our observations. So to infer the

stellar position, we used the shell-fitting method diamél |l9.9j; |B_a.lns_ei_al.| |20Dj)

This method assumes a distribution of masers on a tridimensional sphere, with the

star located in its center. All masers in a velocity range determined by

Vvstar + Z(A‘/LSR/H) ) (42)

are identified, where Vi, is the velocity of the star, AV, gr the total maser velocity
range, and n is a number taken here to be equal to 8. We choose that value to restrict
the selection of the masers to lie within a small velocity range. The constant ¢ sets
which ring(s) along the line of sight is considered. If i is equal to 1, then a ring at
the same line of sight velocity as the star is taken. If 7 is bigger than 1, then one ring
in front and one behind of the star are considered. Once the masers are selected, the
central position of the features is assumed to be the stellar position. We emphasize
that the more asymmetric the maser distribution, the larger the uncertainty of this
method.

For each object, we varied the value of i, obtaining different locations for the
stellar position. An additional position was calculated by taking the center point of
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Table 4.3: Stellar position

IK Tau RT Vir IRC+60370
a, 6 (mas) «,d (mas) «, d (mas)
1=1 — o = +04.51 o = +07.44
- 0 =-13.83 § = 4+03.57
1=2 a=+07.43 - a = +14.49
0 = +03.09 - 0 = +03.61
1=3 a = +28.58 — a=+11.17
0 =-05.38 — 0 = +01.99
All Features o = +1041 o = +10.69 o« = +10.92
0 =+40236 6 =-15.32 & = +02.68
Mean Position o = +15.47 o = 4+07.60 o = +11.01
0 =+00.02 6 =-14.58 ¢ = +02.96
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Position of the star, relative to the reference maser, for different values of 7. The
positions we obtained as the centroid of all the observed maser features are also
shown. Finally, the mean result is reported at the bottom of the table. Columns 2
to 4 show the stellar position of IK Tau, RT Vir, and IRC+460370.

all the observed masers. We assumed the stellar position to be the mean location of
the different positions we obtained by using different values of i, and by using the
center point of all the observed masers. In Table we show the stellar position we

calculated for each value of 7 and the mean result.

4.4.4 Distance of the masers to the star

In Figs. and we show, for each source, a plot of the velocity of the
features versus their projected angular offsets from the star (6,7f; see Sect.
for the determination of the stellar position). For each source, two parabolas are
fitted to the velocity-offset positions. These fits are shown by the dotted lines in the
figures. In the fitting process, made by eye, the area between the parabolas which

contains all masers is minimized. The parabolas obey the relation

x (V3 — (Visg — Viar))?, (4.3)

S

0 =
ol Vvshell
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where R is the distance to the star, V., the expanding velocity of the masers, and

Vitar the velocity of the star.

Assuming that the masers are located in a spherical shell around the star, it is
possible to determine the internal (R;) and external (R,) radius of this shell from the
internal and external parabola fits, and their corresponding expansion velocities (v;
and v,). The values we adopted for Vi, the distance to the source, their respective
references, and the fit parameters (v;, v,, R;, R,) are shown in Table 4]

Bains et al. M) and Richards et all (|2QJ_].|) also investigated the kinematics

of IK Tau and RT Vir and found similar results for v;, v,, R;, and R,. To illustrate
the comparison with our results, we reproduce the fits from |.Bﬁ1ns_€$jﬂ (IZDQEi)
for IK Tau and RT Vir in our Figure L5l Those authors present two alternative

solutions for the internal fit to IK Tau. We choose to show only the one with the
larger radius here. Their fits are shown in Figure by the dashed lines. We note
that there is a big disagreement between the external fits from [Bains et al. (IQJ)DA)
and ours. This is probably because our observations with the VLBA resolve out

more diffuse emissions, due to its longer baselines. Additionally, our result implies
that the HoO maser regions around IK Tau and RT Vir reach closer to the star than
was determined by |B31n5_ei_aJ_J (IZM) Quantitatively, we found R; equal to 38
and 18 mas for IK Tau and RT Vir, respectively. The fits that we reproduced from

Bamm_a,ﬂ (@Qj) correspond to R; equal to 60 and 45 mas for IK Tau and RT Vir,
respectively. We emphasize, however, that their alternative solution for the internal

fit of IK Tau shows an inner radius of the H,O maser region closer to the star than
ours (R; equal to 25 mas). For IK Tau, |B.]_Qh.al_ds_€cjl.| (|2Q1J.|) found R; between 60
and 75 mas for different epochs, but they also detected a faint group of masers with
R; smaller than 64 mas (at 23 mas). For RT Vir, Richards et all (IZQ]_]J) found R;
between 34 and 45 mas for different epochs. Hence, considering the stellar radius

of IK Tau and RT Vir to be, respectively, 0.8 AU and 2.8 AU (Monnier et al. M;

Ragland et al. M; Richards et alJ 2!!12), it seems that although the majority of

the 22 GHz H5O masers occur outside a distance of ~5-7 stellar radius, occasional

clumps can be found as close as ~3 stellar radius.
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Figure 4.5: Velocity of the features versus their projected offsets from the star. The dotted
lines represent our fits; the dashed lines were reproduced from [Bains et all (2003). From
top to bottom, we show the plots for IK Tau and RT Vir.
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Figure 4.6: Velocity of the features versus their projected offsets from the star. The dotted
lines represent our fits. Here we show the plot for IRC+60370.



Table 4.4: Distance of the masers to the star: input and output parameters

Source Vistar (ref) D (ref) v; U, R; R, R; R,
(km/s) (pe) (km/s) (km/s) (mas) (mas) (AU) (AU)

K Tau +34.0 (K87) 265 (H97) 4.2 10.0 38 110 101 292

RT Vir +18.2 (N86) 133 (HO7) 43 104 18 135 24 180

IRC+60370 —49.3 (I08) 1000 (108) 4.0 17.0 5.5 53 5.5  53.0

From Cols. 1 to 9: the source name (Source), the velocity of the source and its reference (Vi (ref)), the
distance to the source and its reference (D (ref)), the inner (v;) and outer (v,) expansion velocities of the
H,0O envelope, and the inner (R;) and outer (R,) distances of the HoO maser region to the star, both in

mas and AU. References: K87: [Kirrane (1987); N86: Nyman et all (1986); 108: [mai et all (2008); HOT7:
Hipparcos (1997).

NOISSNOSIA 7'
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4.4.5 Magnetic field detection

Linear polarization and field geometry

We measured fractional linear polarization from 0.1% to 1.4% around RT Vir,
and between 0.2% and 1.6% around IRC+60370. The non-detection of linear polar-
ization in the features around IK Tau imply that, if present, it is lower than ~0.5%
on the brightest masers. These results agree with the upper limits for fractional
linear polarization derived from the non-detections of hﬂ.&mmmgs_&t_a.lj (IZD_Qj)

According to maser theory, the magnetic field lines can be either parallel or
perpendicular to the EVPA. It is parallel when the angle 6 between the field and
the direction of propagation of the maser is less than the Van Vleck angle (~55°),

and perpendicular when 6 is greater than the Van Vleck angle (Goldreich et al.[19 d)
The linear polarization is affected by 6 and the degree of saturation but, based on

our measured values, we cannot ensure in which regime - parallel or perpendicular

- the emission originates.

As shown in Sects. and [£3.3] linear polarization has been detected in
masers toward RT Vir and TRC+60370. In each of these sources, the polarized
features are separated into two groups. In RT Vir, both of these groups show a
small EVPA dispersion (< 26° for all masers within a given group). If, in this
source, we are dealing with a magnetic field perpendicular to the EVPA, either a
poloidal or a dipole field seems to be the best qualitative fit of the field geometry to
our results. On the other hand, if the field is parallel to the EVPA, the polarization
vectors could trace tangent points of a toroidal field. In TRC+60370, the EVPA of
the features have a higher dispersion, but the vectors still seem to trace a dominant
direction, pointing toward the position of the star, especially in the features located
within the Zoom A region. If, in this source, we are dealing with a magnetic field
perpendicular to the EVPA, either a poloidal or a dipole field could be argued as
probable fits to our results. On the other hand, if the field is parallel to the EVPA, a
toroidal field may provide a better qualitative fit. Furthermore, we detected circular
polarization in four features located within the Zoom A region and, from the model
fit of their V spectra, all of them show a magnetic field strength with a positive
sign. Inside the Zoom B region, however, the single feature in which we detected
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circular polarization shows a magnetic field strength with a negative sign. These
results lead to the conclusion that the component of the magnetic field along the
line of sight points in opposite directions on either side of the star. That evidence
suggests, again, a toroidal field around TRC+60370.

Magnetic field dependence

In Figure 71 we show a plot of the magnetic field strength along the line of
sight for the stars in our sample, estimated from different maser species, against the
radial distance of these masers to the star. We use this plot to investigate the field
dependence on R: B o R, where o depends on the structure of the magnetic field
in the circumstellar envelope. When « equal to 1, it refers to a toroidal magnetic
field, a equal to 2 corresponds to a poloidal field, and « equal to 3 indicates a
dipole geometry. In the plot we show one single box where the results of OH masers
occur. However, we emphasize that the 1665/7 MHz OH maser emission originates
in inner regions when compared to the 1612 MHz OH maser transition. Therefore,
it is expected that magnetic field strength measurements based on the first line to

be stronger than the second 1 1. |20ij)

In this plot, we included polarization results of the SiO maser region from the
literature. We took the magnetic field strength in the SiO maser region from Herpin
et al. (IZQDd) for RT Vir (upper limit) and IK Tau. For IK Tau, the distance of the SiO
region to the star was adapted fromwz_&_[ﬁammﬂ (IZDDEI), adopting a distance

to the source of 265 pc. For RT Vir, we used a typical value for the radial distance
of the SiO maser region (between 2 and 5 AU from the star). Unfortunately, we
did not find any reports of the magnetic field strength in the OH maser region that
would allow us to make a more complete plot. For all cases, the major uncertainty
in the plot concerns R.

The data from RT Vir and IRC+60370 do not allow a definitive conclusion
regarding the functional form of radial dependence. For IK Tau, however, even
though a B o« R™! dependence is not totally ruled out, B o R~? and B o R73
provide qualitatively better fits.
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Magnetic Field on the Star Surface

By assuming a magnetic field dependence (B o« R™!, B o« R7% or B o< R73; see
previous subsection), we can extrapolate the projected field strength to the surface
of the star (Bg,). If B o< R™%, then

Bstar = BHQO X (R/R*)a ) (44)
where Bp,o is the field strength along the line of sight in the water maser region,

and R, is the stellar radius (IB&ld_eL_alJ |l9ld; |B£ld| |l9_9d) However, we emphasize
that the magnetic field could deviate from any power law if the various masers come

from conditions with different densities, fractional ionization, etc. These differences
in the physical conditions of the medium could lead to differences in how much the
field is frozen in, dissipated, enhanced by shocks, etc. Therefore, a homogeneous

medium is assumed in this extrapolation.
In the analysis with Eq. 4] we investigate each source individually, by varying
the power law, with o from 1 to 3. For IK Tau and RT Vir, we adopted R, as

updated by [Richards et al. (2!!12). For TRC+60370, however, there is no accurate
measurement for the stellar radius. Therefore, for this source we adopted R,=1.8 AU

as an upper limit based on 18 pym imaging (IMGJ.X.DH_GL_&LI |l99_d)

In order to define the value of R to be given as input in Eq. [£4] for each source

we created an alternative plot of velocity versus position offset (analogous to the
procedure described in Sect. 4.4 and Figs. and [L0). In these alternative plots
we considered only the features in which we detected circular polarization, getting
alternative values for R; and R, (R} and R)). We adopted R} and R as minimum and
maximum values of R to be given in Eq. 4 We emphasize that these alternative
plots were created with very few data points, and thus provide only approximate
results for R, and R). We combined R = R; with the lowest value of By,o that we

observed (taking the error bar into account — By, . ) to derive the lower limit of

field strength on the surface of the star (Bstar,,,, ). For the upper limit (Bsar,,,. )
we combined R = R/ with the highest value of Bp,o that we observed (taking the
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error bar into account — Bp,0,,..)-

In Table[d.6] we show the values given as input in Eq. L4l (R., Bu,0,,,,s BH0mass
R, and R.), and the results of B, ., and Bgar,,,. for each source.

Magnetic field energy

One question that needs to be answered to improve our understanding on low
and intermediate mass stellar evolution is: if present, does the magnetic field around
evolved stars have enough energy to drive the shaping of these objects?

Several magnetic field detections around AGB and post-AGB stars have been

reported in recent vears (e.g. |Amir' et IJ |2011|; |Pérez—Szinchez et a1.| |201]J; Leal-
Ferreira et al. |2Q]j; hﬂ.emm.mgs_ei_alj 2012). To check if the magnetic energy density
(U = B?*/2uy) is important, we compare it with typical values of the kinetic and

thermal energy density around evolved stars (Table LH]). For the calculation of
these values we assume V,,,~5 km/s, nH2~1014 cm ™2, and T'~2500 K at the stellar
photosphere, and V,,,~8 km/s, ng,~10® cm™2, and T~500 K in the H,O maser
region. In Table .8 we show the limits of the magnetic energy density in the HyO
maser region that we observed and the magnetic energy density extrapolated to the
surface of the star. The limits are based on the field strengths along the line of
sight reported in Table Our results show that the magnetic energy density is
dominant in the HyO maser region. Therefore, the magnetic fields probably play
an important role in shaping the different morphologies of evolved stars that are
progenitors of PNe.

The dominant energy on the surface of the star is still inconclusive since different
conclusions can be drawn if a dependence of either B o« R™!, B o« R72,or B o R73

is assumed.

4.5 Conclusions

We observed four AGB stars in order to detect HoO maser in full polarization at
VLBI resolution. We did not detect any maser emission toward AP Lyn. Toward
IK Tau, RT Vir, and IRC+60370 we detected 85, 91, and 62 features, respectively.
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Table 4.5: Magnetic energy density

Source Un,o Ustar (@=1) Ustar (@=2) Ugstqor (@=3)
(J/m?) (J/m?) (J/m?) (J/m?)

IK Tau 48 —--35 -3.0--1.5 -1.2-0.5 0.7-24

RT Vir 42--38 -24--1.3 -0.7-1.2 1.1 -3.7

IRC+60370 -5.1 --3.2 -3.4--0.7 -1.7 - 1.7 0.0 -4.2

U (J/m?) H,0 Star
nKT ~-6.2 ~0.5
V2, ~-5.1 ~0.5

In the upper part of the table, from Cols. 1 to 4: the source name (Source), the
log of the magnetic energy density (U = B?/2pu0) in the HyO maser region (Up,o),
in the stellar surface assuming a equal to one (Usq,, (a=1)), in the stellar surface
assuming « equal to two (Ugq, (@=2)), and in the stellar surface assuming « equal
to three (Ugqr (@=3)). In the lower part of the table, we show the log of typical
values for kinetic and thermal energy densities (Col. 1; Energy density) in the HoO
maser region (Col. 2; HyO) and on the stellar surface (Col. 3; Star).
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Figure 4.7: Magnetic field strength along the line of sight versus the radial distance of
the masers to the star. The black boxes show typical regions of the plot where results
from the literature for SiO, HoO, and OH maser occur, and they are normalized for R,=1

(Vlemmings et all2002, 2003; Herpin et all2006; Rudnitski et al|2010

). Our measurements

are shown by the hollow blue circles (IK Tau), hollow green squares (RT Vir), and filled
red triangles (IRC+60370). The short-dashed, solid, and long-dashed inclined lines show
a dependence o« R~!, oc R™2, and oc R~3 for the magnetic field, respectively. The position
of the AGB surface of a star with radius of 1 AU is also shown.



Table 4.6: Projected magnetic field strength on the star surface

Source R, BH2 Omin BH2 Omaz R;, Ré Bstarmm Bstarmaz Bstarmm Bstarmaz Bstarmm Bstarmaz
(AU)  (mG) (mG)  (AU) (AU)  (G) (G) (G) (G) (G) (G)
(a=1) (a=1) (a=2) (a=2) (a=3) (a=3)
IK Tau 2.8 65 271 22.5 27.8 0.5 2.7 4.2 26.8 33.8 ~265
RT Vir 0.8 131 194 6.0 14.6 1.0 3.5 7.3 64.9 54.9 ~1185
IRC+60370 1.8 44 413 12.5 29.5 0.3 6.9 2.2 ~115 15.8 ~1945

From Cols. 1 to 12: the source name (Source), the stellar radius (R, ), the lower (Bm,0,,,,) and upper (Bm,0,,,,) magnetic
field strengths along the line of sight observed in the HoO region, the input values of R on Eq. 4] (R and R)), and the lower
(Bstar,,:,,) and upper (Bstqr,, .. ) limits of the projected magnetic field strength on the stellar surface assuming o = 1, o = 2,
and o = 3.
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A structured spatial distribution of maser velocities was observed toward IK Tau.
This behavior has already been reported by [Bains et al. (Illﬂ) and an equatorial

density enhancement model was proposed. A similar signature, but less pronounced,

was observed toward RT Vir, but with opposite velocity-position pattern to those
reported by Bains et all (IZDDj)

We used the shell-fitting method to infer the projected position of the star relative

to the observed masers. With the stellar position determined, we produced a plot
of the angular offset of the masers relative to the stellar position versus the maser
velocities. We fitted parabolas in these plots to determine the actual distance of the
H50 maser regions from the central stars. We concluded that the H,O masers we
observed are located between 10.1 and 29.2 AU from IK Tau, 2.4 and 18.0 AU from
RT Vir, and 5.5 and 53.0 AU from IRC+60370.

Linear polarization was observed in 18 features, nine around RT Vir and nine
around IRC+60370. Circular polarization was found in 11 features, three around
IK Tau, three around RT Vir, and five around IRC+60370. From a model fit of the
Stokes V spectra of the features with statistically significant circular polarization
detection, we estimated the magnetic field strength along the line of sight needed
to generate the observed S-shape profile. The resulting projected magnetic field
strengths lie between 4743 mG and 3314+82 mG. With our polarization results, we
more than doubled the number of AGB stars around which the magnetic field has

been detected in the HoO maser region.

Combining our results with published results for the magnetic field measurements
in the SiO maser regions, it is not yet possible to determine the magnetic field
dependence on the radial distance R to the star. For IK Tau, either a dependence
B o R72 or B o< R™3 seems qualitatively more likely, but B o< R~! is not ruled out.
The results we found in the literature for RT Vir and IRC+60370 are not sufficient

to draw stronger conclusions.

The results we obtained for the magnetic field strength along the line of sight
were extrapolated to the stellar surface of the observed sources, assuming B oc R™1,
B o R7% and B o< R73. In the first case, the projected field strength on the AGB
star surface (Bga) should be between 0.5 G and 2.7 G for IK Tau, 1.0 G and 3.5 G
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for RT Vir, and 0.3 G and 6.9 G for IRC+60370. If B oc R~? is assumed, then By,
was extrapolated to be between 4.2 G and 26.8 G for IK Tau, 7.3 G and 64.9 G for
RT Vir, and 2.2 G and ~115 G for IRC+60370. If B oc R=3, then By, was found
to be between 33.8 G and ~265 G for IK Tau, 54.9 G and ~1185 G for RT Vir, and
15.8 G and ~1945 G for IRC+60370.

Finally, we compared the magnetic energy density we observed with the typical
thermal and kinematic energy density around evolved stars. While the dominant
energy density on the surface of the star is still inconclusive, we conclude that,
in the H,O maser region, the magnetic energy density dominates the thermal and
kinematic energy density. Therefore, the magnetic fields cannot be ignored as one

of the important agents in shaping planetary nebulae.



Table 4.7: Properties of the observed masers. Respectively, from Cols. 1 to 10: the source in which the maser
was observed (Source), the maser identification (feature), projected offset on the plane of sky in direction of right
ascension (ayyr), offset in declination (d,¢f), peak intensity (Peak Int), intensity flux (Int Flux), velocity of the
peak (Vpear), Pv, magnetic field strength (B cosfl), and if linear polarization was detected or not (LinPol). sy
and 0,7y are with respect to the reference feature.

Source Feature Qoff 5off Peak Int Int Flux Vpeak Py EVPA Py BH
(mas) (mas) (Jy/Beam) (Jy) (km/s) (%) ) (x1073) (mG)

AP Lyn - - - - - - - - - -

IK Tau IK.01 7.5 6.6 0.20 0.35 42.6 — - — -
1K.02 3.2 9.3 0.08 0.15 42.5 — - — -
1K.03 52.3 -37.0 0.06 0.18 42.2 - - - —
1K.04 52.6 —38.6 0.33 0.54 42.1 — - - -
1K.05 3.6 —6.6 0.20 0.41 42.1 — - — —
IK.06 4.7 —6.4 0.17 0.54 42.1 — — — —
IK.07 7.1 3.9 0.04 0.09 42.1 — — — —
1K.08 1.3 6.6 0.03 0.05 42.1 - - — —
1K.09 3.0 —6.6 0.24 0.52 42.0 — - - —
IK.10 53.7 -38.3 0.30 0.53 41.9 - - - -
IK.11 1.8 -4.5 0.08 0.13 41.9 — - — -
IK.12 -3.1 —4.4 0.22 0.50 41.9 — — — —
1K.13 55.0 -38.5 0.27 0.87 41.8 - - - -
1IK.14 51.3 —40.6 0.21 0.37 41.7 — - — -
IK.15 31.7 414 0.14 0.25 41.6 — - - —
IK.16 53.8 —43.2 0.12 0.20 41.4 — — — —
IK.17 50.5 —48.1 0.18 0.30 41.0 — — — —
1K.18 53.3 445 0.07 0.10 40.7 - - - -
IK.19 61.1 -26.4 0.15 0.31 40.7 — - — -
1K.20 -0.0 0.0 4.93 10.22 40.5 — - 10.08+1.03 —147+15
IK.21 63.3 31.1 0.04 0.06 40.2 - - — -
1K.22 66.0 -32.1 0.07 0.17 40.0 — — — —
1K.23 66.4 -32.9 0.06 0.14 39.9 - — — -
1IK.24 67.2 -34.1 0.04 0.07 39.6 - - - -
1K.25 -16.1 22.8 0.06 0.14 38.9 - — — -
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Table 4.7: continued.

Source Feature Qoff doff Peak Int  Int Flux Vopeak Py EVPA Py Bj|icauss]
(mas) (mas) (Jy/Beam) (Jy) (km/s) (%) ) (x107%) (mG
IK Tau 1K.26 0.5 9.5 0.21 0.42 38.7 - — — —
1K.27 -0.4 9.8 0.11 0.26 38.7 - - - -
1K.28 73.5 -16.0 0.11 0.28 38.6 — - - -
1K.29 73.0 -17.0 0.17 0.92 38.4 - - - -
1K.30 -35.8 45.1 0.61 1.06 31.7 - - - -
1K.31 -34.5 41.9 0.34 0.77 31.6 - — - -
1K.32 -36.8 46.9 0.75 1.44 314 - - - -
1K.33 13.9 -40.6 0.07 0.18 31.4 — — — —
1K.34 -33.3 40.3 1.33 2.54 31.0 — — — -
1K.35 13.9 425 0.06 0.13 31.0 - - - -
1K.36 -5.0 13.5 0.06 0.10 30.7 - - - -
1K.37 -6.9 13.3 0.19 0.59 30.3 - — - -
1K.38 -34.1 44.7 0.08 0.15 30.3 — - - -
1K.39 -7.9 12.9 0.12 0.45 30.2 — — — —
1K.40 6.7 7.6 0.07 0.15 30.2 - - - -
1K .41 -8.9 12.5 0.11 0.24 30.0 - - - -
1K.42 8.1 8.1 0.17 0.57 29.9 - — — -
1K.43 1.0 2.3 0.12 0.31 29.9 — — — -
1K.44 -0.8 2.0 1.11 3.12 29.8 — — — —
1K.45 -9.2 8.0 0.17 0.49 29.8 - - - -
1K.46 -5.8 5.6 0.07 0.12 29.5 - - - -
1K .47 -9.0 9.5 0.13 0.29 29.5 - - - -
1K .48 -9.8 9.4 0.10 0.22 29.5 - - — —
1K.49 -18.0 7.0 0.06 0.10 29.4 — - - -
IK.50 -10.5 10.4 0.08 0.19 29.4 — — — —
IK.51 -2.9 1.4 0.12 0.28 29.3 - - - -
1K.52 -6.7 26.9 0.06 0.11 29.3 - - - -
1K.53 -3.7 1.3 0.13 0.26 29.2 - - - -
1K.54 -10.6 10.3 0.07 0.18 29.2 - - - -
1K.55 0.8 -1.6 0.05 0.10 28.8 — - - -
1K.56 -0.0 -2.2 0.09 0.51 28.7 - - - -
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Table 4.7: continued.

Source Feature  aofy¢ dof f Peak Int  Int Flux Vipeak Pr EVPA Py Bj|(Gauss]
(mas) (mas) (Jy/Beam) (Jy) (km/s) (%) ) (x1073) (mG

IK Tau IK.57 -24.3 5.0 0.09 0.20 28.6 — - — -
IK.58 -0.5 -1.3 0.15 0.28 28.2 — — — —
1K.59 19.7 59.5 0.08 0.15 28.1 - - - -
I1K.60 -13.1 3.6 0.06 0.11 28.1 — - - -
IK.61 19.1 63.5 0.60 1.11 28.0 — - - -
1K.62 -12.0 2.2 0.10 0.21 28.0 — - — —
1K.63 18.1 62.6 0.14 0.21 27.9 — — - -
1K.64 -27.6 46.0 0.08 0.14 27.8 — - - -
1K.65 —6.7 —2.6 0.45 1.14 27.7 — - - -
1K.66 -10.0 -2.6 0.29 0.88 27.7 - — - -
1K.67 -8.6 2.1 0.20 0.56 27.7 - — - —
1K.68 =7.7 -2.4 0.18 0.60 27.6 — - - -
1K.69 16.4 74.5 2.97 4.28 27.4 — - 5.48+1.78 —96+31
IK.70 -43.0 -25.1 0.81 1.66 27.2 - - — -
IK.71 —44.0 —24.8 0.32 0.88 27.2 — - - -
1K.72 —6.0 —2.2 0.16 0.35 27.2 - - — -
IK.73 -49.9  -26.3 0.23 0.53 27.0 — - — -
1IK.74 10.0 64.1 0.15 0.19 26.8 — — - -
IK.75 19.7 73.3 0.17 0.27 26.6 - - - -
IK.76 -34.4 —28.6 0.12 0.17 26.4 — — - -
IK.77 20.9 34.5 0.08 0.13 25.9 - - - -
IK.78 55.8 14.6 2.37 4.67 25.7 — - - -
IK.79 6.9 -51.7 0.07 0.15 25.6 — - - -
IK.80 57.2 15.1 0.08 0.14 25.3 - - - -
IK.81 55.1 15.3 0.78 1.96 25.3 - - - -
1K.82 53.8 15.6 0.30 0.88 25.1 - - - -
1K.83 50.8 15.0 0.86 2.50 25.0 - - - —
IK.84 51.2 15.7 0.90 2.18 25.0 — - 12.15+3.14 +215+56
IK.85 55.1 15.5 0.59 1.29 24.8 — - - -

RT Vir RT.01 -19.3 -1.4 0.14 0.16 21.8 — - - -
RT.02 459 -67.7 0.07 0.16 21.8 — - — -
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Table 4.7: continued.

Source Feature Qoff doff Peak Int  Int Flux Vopeak Py EVPA Py Bj|icauss]
(mas) (mas) (Jy/Beam) (Jy) (km/s) (%) ) (x107%) (mG
RT Vir RT.03 476 —64.9 0.09 0.13 21.6 - — - —
RT.04 13.4 8.5 0.03 0.04 21.3 - - - -
RT.05 41.8 -73.8 0.05 0.10 21.2 — — — —
RT.06 -15.6 -50.1 0.06 0.07 21.1 - - - -
RT.07 8.8 11.9 0.06 0.08 21.0 - - - -
RT.08 -12.7 -54.0 0.03 0.04 21.0 - - - -
RT.09 -8.1 229 0.29 0.42 20.9 - - - -
RT.10 -7.2 =215 0.22 0.30 20.8 — — — -
RT.11 -28.0 2.2 0.04 0.06 20.8 - - - -
RT.12 -9.2 -21.6 0.12 0.21 20.5 - - - -
RT.13  -10.4 -22.4 0.26 0.37 20.4 - - - -
RT.14 124 -77.2 0.04 0.09 20.4 - — - -
RT.15 -14.5 -34.0 0.64 1.44 20.1 — - - -
RT.16 -36.4 —60.4 0.07 0.09 20.1 - - - -
RT.17 105 -22.4 0.21 0.29 19.9 - - - -
RT.18 52.6 725 0.29 0.40 18.1 - - - -
RT.19 52.8 -55.5 0.33 0.61 18.1 - - - -
RT.20 49.1 -51.8 0.74 1.13 18.1 - - - -
RT.21 53.1 -49.9 4.65 5.42 18.1 — — — —
RT.22 -26.1 -15.8 0.25 0.40 18.1 — — — —
RT.23 253 6.0 3.13 5.03 18.1 - - - -
RT.24  -23.5 6.0 0.77 0.99 18.0 - — - -
RT.25 53.5 60.1 0.18 0.34 18.0 - - — —
RT.26  -16.7 -3.1 0.90 0.97 17.7 — - - -
RT.27 -29.8 27.2 2.34 3.73 17.6 - - - -
RT.28 324 27.1 0.62 0.66 17.5 - - - -
RT.29 -37.1 -50.0 0.56 0.72 17.1 - - - -
RT.30 -31.4 25.6 7.83 9.24 17.0 - - - -
RT.31 -35.8 25.9 20.96 25.07 17.0 0.2240.02 —4645 - -
RT.32 -35.0 28.0 2.83 3.55 17.0 — - - -
RT.33 -9.6 —28.8 0.60 0.90 17.0 - - - -
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Table 4.7: continued.

Source Feature  aofy¢ dof f Peak Int  Int Flux Vipeak Pr EVPA Py Bj|Gauss]
(mas) (mas) (Jy/Beam) (Jy)  (km/s) (%) ©) (x10~%) (mG)
RT Vir RT.34 -17.0 -5.4 1.21 1.38 16.7 1.41£0.04 —594+3 — -
RT.35  -30.8 28.4 0.79 0.86 16.6 - - - -
RT.36  -32.3 25.1 1.32 3.13 16.4 - - - -
RT.37 39.8 415 0.32 0.51 16.3 - - - -
RT.38 218 10.7 0.28 0.35 16.3 - - - -
RT.39 29.7  -75.6 0.48 0.75 15.9 - - - -
RT.40 90.7 18.0 0.68 1.08 15.6 - - - -
RT.41 79.5 36.2 0.48 0.89 15.6 - - - -
RT.42 86.2 89.1 0.44 0.54 15.6 - - - -
RT.43 -14.3 7.5 0.59 1.58 15.4 - — - -
RT.44 87.8 -2.1 0.64 1.21 15.4 - - - -
RT.45 -15.4 -7.4 1.15 1.62 15.3 — - - —
RT.46 23.6  -51.0 0.22 0.48 15.2 - - - -
RT .47 44.3 —44.3 0.28 0.36 15.2 - - - -
RT.48 31.7 824 0.39 0.59 14.9 - - - -
RT.49 —6.7 8.0 0.26 0.56 14.8 - - - -
RT.50 -31.3 27.6 0.12 0.12 14.8 — — — —
RT.51 -39.3 20.4 0.10 0.13 14.8 - - - -
RT.52 33.9 -90.5 0.25 0.36 14.6 - - - -
RT.53 31.8 -36.2 0.32 0.35 14.5 - - - -
RT.54 58.5 —-16.8 1.20 1.33 14.3 - - - -
RT.55 58.2  -50.3 0.08 0.11 14.3 - - - -
RT.56 -22.9 221 0.08 0.18 14.3 — — — —
RT.57 209 -20.9 0.23 0.41 14.2 - - - -
RT.58 2.8 -18.3 0.13 0.15 14.0 - - - -
RT.59 29.4 -15.8 0.34 0.46 13.9 - — - -
RT.60 3.6 4.2 0.58 0.97 13.8 - - - -
RT.61 30.6 -16.4 0.15 0.20 13.8 — - - —
RT.62 29.9 -14.0 0.35 0.39 13.7 - - - -
RT.63 2.2 1.8 0.42 0.48 13.7 - - - -
RT.64 2.4 19.0 0.36 0.40 13.7 - - - -
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Table 4.7: continued.

Source Feature Qoff doff Peak Int  Int Flux Vopeak Py EVPA Py Bj|icauss]
(mas) (mas) (Jy/Beam) (Jy) (km/s) (%) ) (x107%) (mG

RT Vir RT.65 -1.9 -1.0 0.57 0.71 13.6 - — — —
RT.66 5.2  —54.0 0.36 0.49 13.4 - - - -
RT.67 -1.0 -1.8 2.08 2.71 13.1 0.56+£0.26 —44+16 — —
RT.68 0.0 0.0 54.53 63.13 12.9 0.484+0.19 —38+12 - -
RT.69 8.0 -85.1 1.30 1.60 12.9 - - - -
RT.70 309 -10.6 7.92 8.45 12.9 1.124+0.28 449426 10.504+0.86  —143+12¢
RT.71 -0.3 55.2 0.93 1.29 12.9 — — — -
RT.72 -7.5 12.0 4.23 5.28 12.4  0.3840.29 —51+41 — —
RT.73 -0.9 -1.6 6.94 7.53 12.0 0.49£0.36 —45424 — —
RT.74 57.2 -64.0 1.19 1.72 11.8 - - - -
RT.75 31.0 -9.1 39.52 48.67 11.7  0.63+0.12  +64+£7  6.05%+0.19 —188+6
RT.76 28.3 —6.4 4.08 5.32 10.7 - - - -
RT.77 25.2 614 0.31 0.69 10.7 — - - -
RT.78 24.0 -60.4 0.32 0.67 10.7 - - - -
RT.79 28.0 274 0.29 0.41 10.6 - - - -
RT.80  -34.5 8.4 0.21 0.64 10.6 - - - -
RT.81 26.8 —41.0 0.06 0.08 10.2 - - - -
RT.82 29.3 -1.6 0.11 0.13 9.9 — — — -
RT.83 29.9 4.0 0.45 0.49 9.7 — - - -
RT.84 28.9 19.1 0.14 0.14 9.7 — — - -
RT.85 21.7 7.7 2.72 3.09 9.6 - - - -
RT.86 23.8 2.1 0.53 0.88 9.4 - - - -
RT.87 26.2 0.4 0.42 0.51 9.4 - - - -
RT.88 21.3 3.1 3.02 3.57 9.3 — - - -
RT.89 21.8 5.2 0.64 0.80 9.2 — — - —
RT.90 24.7 3.8 23.27 28.03 8.9 0.11+£0.01 +384+3 1.804+0.48 —84 & +63°
RT.91 50.8 -51.2 0.52 0.61 8.8 - - - -

IRC+60370 IRC.01 -6.5 14.5 0.12 0.13  —=39.7 - - - -
IRC.02 5.7 16.1 0.11 0.12  —40.0 — - - -
IRC.03 33.2 -35.7 0.89 1.10  —40.2 - - - -
IRC.04 -8.4 13.7 0.18 0.29  —40.5 - - - -
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Table 4.7: continued.

Source Feature  aofy¢ dof f Peak Int  Int Flux Vipeak Pr EVPA Py Bj|Gauss]
(mas) (mas) (Jy/Beam) (Jy)  (km/s) (%) ©) (x10~%) (mG)
IRC+60370 IRC.05 4.7 -10.0 0.63 0.75  —40.6 - - - -
TRC.06 4.7 15.8 0.20 0.24 —40.8 — — — —
IRC.07 14.3  -10.3 0.17 0.22  —40.9 - - - -
IRC.08 12.4 -9.9 0.10 0.16 —41.3 - - - -
IRC.09 -3.8 16.3 0.05 0.07  —41.3 - - - -
IRC.10 5.0 -94 0.16 022 —41.4 - - - -
IRC.11 17.2 -8.8 0.05 0.06  —43.6 - - - -
IRC.12 5.6 13.2 0.77 1.00 —43.7 - - - -
IRC.13 346  -24.3 0.08 0.08  —43.7 - - - -
IRC.14 28.1 13.0 0.08 0.12  —43.8 - - - -
IRC.15 —17.2 -6.0 0.11 0.14  —44.2 - - - -
IRC.16 186 -10.5 0.05 0.05  —44.2 — - - -
IRC.17 27.9 12.3 0.09 0.16 —44.4 - - - -
IRC.18 354 -234 0.11 0.11 —44.4 - - - -
IRC.19 6.5 13.0 1.03 1.24  —445 - - - -
IRC.20 3.9 13.7 0.10 0.14  —4438 — - - -
IRC.21 15.6 -7.2 0.17 0.21 —45.2 — — — —
IRC.22 33.2 -43.1 0.06 0.06 —45.2 - - - -
IRC.23 29.6 9.9 0.13 0.21 —45.3 - - - -
IRC.24 2.8 13.1 0.08 0.11  —45.3 - - - -
IRC.25 4.8 11.0 0.10 0.14 —45.6 - - - -
IRC.26 4.0 9.6 0.11 0.31 —45.8 - - — -
IRC.27 3.7 8.4 2.04 3.29 —47.0 - - - -
IRC.28 4.5 10.0 0.05 0.08 —47.4 - - - -
IRC.29 -7.6 4.5 0.15 0.19 —47.9 - - - -
IRC.30 -8.9 4.4 0.20 0.35  —48.0 - - - -
IRC.31 -0.8 5.9 0.10 0.10 —48.0 - - - -
IRC.32 -5.6 4.4 0.08 0.15  —48.0 - - - -
IRC.33 2.8 8.0 0.05 0.06  —48.0 - - - -
IRC.34 27.8 7.2 1.14 331 —48.9 1.51+0.10 —132+2 - -
IRC.35 28.3 6.8 6.29 11.16  —49.1 0.614+0.07 —67+7 - -
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Table 4.7: continued.

Source Feature Qoff doff Peak Int  Int Flux Vopeak Py EVPA Py Bj|icauss]
(mas) (mas) (Jy/Beam) (Jy) (km/s) (%) ) (x107%) (mG

IRC+60370 IRC.36 28.3 -5.7 1.29 1.47  —49.3 - - - -
IRC.37 3.6 2.8 1.19 1.52  —49.7 — - - -
IRC.38 27.2 6.5 3.03 4.35 —49.8 0.58+0.03 —7442 - -
IRC.39 5.6 5.8 0.17 0.24 —49.9 - - - -
IRC.40 30.6 5.8 0.22 0.34 —50.1 - - - -
IRC.41 -1.1 -0.4 1.96 2.54  —50.3 1.58+0.30 —3947 - -
IRC.42 -0.9 0.2 11.91 20.83 =514 0.65+£0.30 —58+16 — -
IRC.43 4.4 -8.6 1.65 2.05 —51.8 — - - -
IRC.44 0.0 0.0 51.23 67.03  —52.0 0.57£0.02 —-77+£2  2.10£0.13 +4743¢
IRC.45 -0.6 2.0 5.21 8.88  —52.3 0.45+0.07 —-93£5 10.71£1.21  +266=£30°
IRC.46 -1.3 2.0 1.68 3.06 —b2.7 - - - -
IRC.47 -2.0 0.9 1.65 224  =53.0 - - 15.524+4.05  +331482¢
IRC.48 —0.8 0.6 11.26 15.17  —=53.3 0.464+0.18 —754+14 10.384+0.61  +273+18¢
IRC.49 23.2 12.6 0.34 0.48 —53.8 - - - -
IRC.50 23.3 12.8 0.33 0.51 —54.0 - - - -
IRC.51 -1.6 2.8 9.08 9.43 —54.2 0.19+0.02 —97+6 - -
IRC.52 -20.0 13.0 0.14 0.26 —54.6 - - - -
IRC.53 16.7 20.4 0.06 0.07 —55.8 — — — -
IRC.54 29.6 3.9 0.40 0.49 —55.9 — - - -
IRC.55 29.2 4.0 0.09 0.14  —56.8 - - - -
IRC.56 26.4 21.2 0.03 0.04 574 - - - -
IRC.57 28.8 4.0 0.23 0.53 —57.6 - — - -
IRC.58 28.5 4.6 4.89 5.48  —58.3 - - 8.34+1.40 —130422
IRC.59 28.7 3.7 0.20 0.29 —59.0 — - - -
IRC.60 14.6 -4.8 0.53 0.57 —=59.5 - - - -
IRC.61 14.4 -4.5 0.76 0.81 —60.6 - - - -
IRC.62 7.0 14.4 0.07 0.09 —63.2 - - - -

¢ Edge/higher noise effects

b Blended feature
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Chapter 5

Asymmetric circumstellar dust
envelopes around evolved stars

We aim to investigate the circumstellar dust envelope of the evolved stars IK Tau and
VY CMa, and search for asymmetries that might be present already during the current
evolutionary stage of these sources. We observed our sample with the ESO 3.6 m Telescope
at La Silla Observatory and the visitor instrument PolCor in the R and V' bands. The
PolCor uses the “lucky imaging” method, which decreases the seeing effect on the data. We
observed the emission polarized by scattering on the dust in the envelopes of the sources.
From that we determined the polarization degree, the direction of polarization, and the dust
distribution around the sources. We detected asymmetries in the circumstellar envelope of
both sources. Elongations were detected in the polarized image of IK Tau in the R band,
where the CSE around the source shows an elliptical morphology, and the presence of a
waist is discussed. The CSE around IK Tau was not detected in polarized light in the V
band, but the total intensity image in this band also shows signs of asymmetry. The images
of VY CMa confirm the complex morphology of the nebula around this source. Our images
show that the dust nebula extends to more than 207 from the star. In contrast to IK Tau,
the polarization vectors around VY CMa do not follow a centrosymmetric pattern.

The results reported in this chapter are currently in preparation for publication by
Leal-Ferreira et al. The observations presented in this chapter are part of an observing
campaign led by Dr. M. Maercker and Dr. S. Ramstedt. The observations were performed
by Dr. S. Ramstedt, myself, and collaborators.
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92 CHAPTER 5. ASYMMETRIC CSE AROUND EVOLVED STARS

5.1 Introduction

The study of the circumstellar envelope of evolved stars is crucial for the un-
derstanding of stellar evolution. By imaging the CSE of evolved stars, we can look
for emerging signs of asymmetry and, from the dust scattered light of the sources,
investigate the structure and physical extension of the circumstellar dust envelope,

as described in details by E@mﬁ@l@ 2011)). Note that, by assuming that
the incident radiation from the star is unpolarized, the observed light will only be
strongly polarized when the scattering angle is ~90°. Therefore, the polarized scat-
tered light actually maps the dust distribution in the plane of the sky that passes
through the star.

The low- and intermediate-mass stars (with initial mass between 0.8 and 8 M)
will evolve into an asymptotic giant branch star and, later, into a planetary nebula.
The mass loss from these stars maintains spherical symmetry at least until they
reach the AGB phase. However, most of the observed PNe are asymmetrical (e.g.,

|Man.dladd |20£)j) and it is not yet clear when exactly these sources lose their sym-
metry, nor which mechanisms are responsible for the change of morphology. The

investigation of the CSE around AGB stars can help us to understand this meta-
morphosis as it allows us to search for upcoming asymmetries already during the
AGB phase. In this chapter, we use the AGB star IK Tau to illustrate the analysis
of an asymmetrical dust CSE.

High-mass stars, on the other hand, evolve quickly, making their observation
more challenging. Like all stars, their evolution depends on their initial mass and
they might evolve into red supergiants (RSG), blue supergiants, Cepheids, Wolf-
Rayet stars, Of stars, or luminous blue variables before turning into a supernova and

a neutron star or a black hole (Peters & Hirschi 2{!1;3). One such high-mass evolved

star is VY CMa, a red supergiant with a high mass-loss rate which is surrounded

by an asymmetric nebula. This is a well-studied source and the inner region of its
CSE was analyzed before with observations from the Hubble Space Telescope (Jones

et al. |21)D_'Z|) In this chapter we analyze the most extended region of its envelope,

which is more than twice as extended as previously known.

This chapter presents the techniques, the data reduction process, and the data
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details in Section .2l The results are reported in Section and discussed in
Section [5.4l The conclusions are given in Section [5.5]

5.2 Observations and Data Reduction

We used the ESO 3.6 m Telescope at the La Silla Observatory, Chile, together
with the Polarimeter and Coronograph (PolCor) instrument to observe the CSE of
our sample, which is composed by 14 evolved stars. The observations were carried
out between October 18" and November 27¢, 2011, when ten nights of that period
were dedicated to the project. In this chapter we present the results of two sources
from the sample, observed in the dates presented in Table 5.1} 1K Tau and VY CMa.
The AGB star IK Tau was observed in three nights in the R band and for this case
the data were combined together in the data reduction process, so that the signal
to noise ratio (SNR) was increased. In order to block the direct light of the star in
the observations and make the detection of the faint circumstellar light possible, we
used a coronograph of 6”7 of diameter in the observations. We obtained images of
the total intensity and of the linear polarized light scattered by dust for each source
and band with a field of view of ~58"7x58”. The pixel scale of the observations is
0.114” pixel™t.

The PolCor instrument is capable of observing individual images at a high frame
rate. As a consequence, individual snapshots with short exposure time in each one
of the four polarization positions (A0, A45, A90, A135) are obtained. Each snapshot
is stored, so the “lucky imaging” technique can be applied during the data reduction
process. The goal of this process is to decrease the effective seeing. It consists of
selecting only the sharpest frames to combine to the final image. The selected frames
are shifted and added together, creating new 0°, 45°, 90°, and 135° images, and the
effective seeing in these new images is usually improved by a factor of 20-30% if
compared with the seeing of the night of observation. The output images are then
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used to derive the Stokes parameters:

I = A0+ A45+ A90 + 135, (5.1)
Q = A0— A9, (5.2)
U = A45— A135. (5.3)

We searched for background stars in the I images and measured their Full Width
at Half Maximum (FWHM) to determine the effective seeing in the final images. For
the VY CMa images we derived an effective seeing of 1.1” in both bands (which were
observed in the same night). This value can be compared with the seeing during
the night in which VY CMa was observed, which varied between 0.9” and 1.5”. In
the images of IK Tau, however, we could not identify background stars that could
be used to estimate the seeing. In this case we can only estimate an improvement
over the seeing of the night, that varied between 0.6” and 2.5” in the three nights
of observations in the R band, and between 0.5” and 0.9” in the V' band.

The SNR of the I, (), and U images is limited by the number of frames observed
in each polarization position, as these frames are used to derive I, (), and U. In
Table B we show the observation details of the targets, including the number of
individual frames (A0, A45, A90, A135) that were observed and used in Egs. 5.1,
5.2, and 5.3.

After deriving the Stokes parameter images, we measured and subtracted the
background level in the ) and U images. We then smoothed the images with
a Gaussian kernel to decrease the noise and derived images of the polarized power
(P), polarization degree (P,), and polarization angle (V) according to the following

equations:

P = Jor+uz, (5.4)

Y

.5 X arctan (%) : (5.6)

~|
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Smoothing the images degrades the effective seeing, but since we are not analyzing
small scale structures, this approach does not limit our analysis.

We assume that the radiation emitted by the star is initially unpolarized, and
that the interstellar medium and atmosphere of the Earth, through which the light
travels, does not have a significant effect on the observations. We also assume that
no significant degree of polarization is introduced by the telescope. Polarization
standard stars were observed in order to obtain the absolute polarization angles of
the targets and to determine the accuracy of the polarization measurements. Based
on the observations of these calibrators, we subtracted 185° due to the orientation of
the instrument from the results given by Eq. 5.6 to obtain the absolute polarization

angles.

Note that, despite the usage of the coronograph, a contribution from the star is
still present in the total intensity images. As a consequence, a stellar point spread
function (PSF) spreads throughout the entire field of view. In order to derive an
image of I which is free from this contribution, one needs to assume a PSF model and
subtract it from the observed I image. With this aim, we observed template stars of
similar magnitude and with the same set up as the targets. However, after further
investigating the data, we concluded that the PSF shape is significantly affected
by the position of the star behind the coronograph. Since the template stars and
the targets cannot be guaranteed to reside at the same position in reference to the
coronograph, we decided that subtracting a PSF model would do more harm than
good by introducing spurious structures to the data. Therefore, we did not subtract
a PSF model from /. As a result, we can only derive lower limits on Py, for all

targets.

We performed the data reduction process using the Data Reduction Software for
PolCor. This software performs the “lucky imaging” technique and derives the I,
@, and U images as described. The Data Reduction Software for PolCor is briefly

described by Olofsson et alJ (2!!12), and discussed in details by Ramstedt et al.




Table 5.1: Observation details

Source Class F MD TFram Sharp FrO  Frd5  Fr90 Fr135 Exp Date

) (s) (dd/mm/2011)
IK Tau AGB R 6 13500  80% 9089 9369 8829 8830 0.1 22/10 & 23/10 & 30/10
IK Tau AGB R 6 13500  85% 11685 11930 11507 11472 0.1 22/10 & 23/10 & 30/10
IK Tau AGB V 6 3150 90% 2301 2328 2268 2264 0.1 31/10
VY CMa RSG R 6 1500 90% 1352 1359 1351 1371 0.05 18/10
VY CMa RSG V 6 1500 90% 1178 1211 1180 1202 0.05 18/10

From column 1 to column 6: Source name (Source), object class (Class), filter band (F), mask diameter
(MD), number of observed frames (TFram), number of selected frames in each polarization directions (Fr0,
Fr45, Fr90, Fr135), exposition time of a single frame (Exp), and date of observation (Date).
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5.3 Results

We derived and analyzed I, P, and Py, for each source and band. The total
intensity and polarized images of IK Tau and VY CMa are presented in Figs. 5.1
62 B4, and B85 where north is up and east is left. Masks based on SNR were
applied to the images, and the IK Tau (R and V) and VY CMa (V) images are
filtered to only display the emission with SNR > 5, while the VY CMa (R) images
are filtered to show the emission with SNR > 7. We also masked out a center region
with 8” of diameter to avoid not only the coronograph region itself, but also a region
that might have suffered from distortions due to border effects of the coronograph.
We also show the polarization vectors overplotted on the polarized intensity images,
where the vector sizes are scaled with the lower limit of the polarization degree,
and their directions were obtained from Eq. 5.6 (and corrected by the instrumental
offset of 185°). Although the PolCor instrument contains a Lyot stop m @)
designed to remove spider effects, we have avoided the spider region when plotting
the polarization vectors. This was done to make absolutely sure not to introduce
potential artifacts caused by the spider vane in the weak signal from the CSE dis-
tribution. The spider region is the area plotted in gray-scale in all polarized light
images.

In Figs. and [5.6] we present the azimuthal averaged radial profile (AARP)
of the total intensity, polarized and polarization degree images. Each plot shows
five curves, where the red, blue, green, and magenta curves correspond to AARPs
over individual angle ranges, each one derived from a different quadrant of the
image. In black we show the curve derived from the average of the previous four.
We avoided contamination of the spider mask and bright background stars when
selecting the angle ranges. The definition of each angle range is shown in Table [5.2]
where 0° is defined to be in between quadrants Q1 and Q4, and the angles increase
counterclockwise. Quadrants Q1, Q2, Q3, and Q4 are defined respectively as top
right, top left, low left, and low right in the images. We highlight that artifacts in
the images (e.g., diffraction spikes) and clumps within the circumstellar envelope
may affect the AARPs, in particular for zones with smaller radii.
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Table 5.2: Quadrant angle ranges

Source FB Q1 Q2 Q3 Q

(°) (°) (°) (°)
IK Tau R 35-55 125-145 240-250 305-325
IK Tau V. 35-55 125-145 240-250 305-325
VY CMa R 30-60 110-125 205-230 295-315
VY CMa V 30-60 110-130 205-230 295-315

From column 1 to column 6: Source name (Source), filter band (FB), and the angle
ranges of quadrants Q1, Q2, Q3, and Q4.

5.3.1 1IK Tau

IK Tau is a Mira-type variable with a period of 470 days in Lock
). This oxygen-rich AGB star has a mass-loss rate between 4.5x107% and
107° Mg yrt (IBamsIEdI_emthDDé, DG_B_e_d«:ﬁ_alJ |2£lld; beglnﬁ_aljbﬂld) and is
located at a distance of 250-265 pc from us (IH@]E_Qt_aJ_J |J.9_9_’Z|; Olofsson et all |l9_9é)

We derived two sets of images for IK Tau in the R band. These images were

obtained from the same data set, but different sharpness criteria were adopted in the
data reduction process. The sharpness criteria is defined by the fraction of frames
that are selected to compose the images A0, A45, A90, and A135. For the first
case of IK Tau in the R band, we selected 85% of the frames (Figs. B.] top and
top) and in the second case 80% (Figs. Bl center and center) of the data
were used. Using the 85% sharpest frames, the signal to noise ratio is higher than
when 80% of the frames are selected, and the fainter extended emission is enhanced.
However, we expect the 80% case to be sharper than the 85% case. Although the
difference in the sharpness criteria is of only 5% between the cases (see Table Bl for
the total number of frames that were actually used in each case), some structures
are more apparent in one case compared to the other. But, we note that the global
morphology of the source is similar, regardless of the sharpness criterea, i.e., a fairly
spherical morphology is seen in the total intensity images and an elliptical shape is
seen in the images of the dust scattered light.

In Figure 0.1 (left and middle), we show the total intensity image of IK Tau in
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the R band, which reveals a fairly spherical shape. The faint CSE emission in
the V' band total intensity image, however, shows signs of asymmetry (Figure 5.1
bottom). This asymmetry has an elongation up to about 12” (or about 3000
3200 AU) from the center of the source in quadrant Q4. The AARPs presented in
the first column of Figure depict these results more clearly. In the R band, the
AARPs of the four quadrants of the total intensity images (both the 80% and 85%
sharpness criteria images) are overlayed on each other, indicating that the source
has a spherical morphology. From the AARP of the V filter total intensity image
(Figure B3] right) one can notice that the emission in the quadrant Q4 is indeed
higher than in the other quadrants from about 6” to 11.5” from the star center.

The images of the polarized light in the R band (Figure top and center,
for sharpness criteria equals to 85% and 80%, respectively) show that the dust
distribution around the source has an elliptical shape (which is more accentuated
in the 85% case). In the 80% case a waist is seen in quadrants Q1 and Q3 and an
elongation is seen in quadrant Q4 (the same quadrant where an elongation is also
seen in the V' band total intensity image). In the 85% image, which is less sharp,
the waist is not obvious but a hint of its presence can be noticed in quadrant Q3.
We interpret that the waist is real and that it is not as prominent in the 85% case
because it becomes blurred when more data are added to derive the image. The
elongation in quadrant Q4 can be seen in the both, the 80% and the 85% cases.
However, in the 85% image such elongation extends also into quadrant Q3. Despite
the few differences between the images derived in the 80% and in the 85% cases, we
highlight that asymmetries can be seen in the dust scattered light images in both

cases.

The AARPs plots of the R band polarized images show that the profiles of the
different quadrants do not follow each other, what is expected in case of presence of
asymmetry in the dust CSE. The level of emission in quadrants Q3 and Q4 (green
and magenta) is higher than in quadrants Q1 and Q2, and the emission in quadrant
Q4 (magenta) is the most extended one (Figure [5.3] top middle and center middle).
The observed dust envelope in the R band extends for up to ~15” from the center
of the source, which corresponds to about 3750-4000 AU, while we did not detect
the CSE in polarized light in the V' band (Figure bottom and Figure lower
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center and lower right).

The polarization vectors are mainly centrosymmetric in the polarized image of
the R band with sharpness criteria equal to 85% (Figure 5.2 top). However, in
Figure 5.2 center (sharpness criteria equals to 80%), one can notice that the vectors
follow a centrosymmetric shape in quadrants Q2 and Q4, but in quadrants Q1 and
Q3 this pattern is not clear, as the polarization vectors are missing in the waist
region. The (lower limit of the) polarization degree in the R band is up to ~4% in
the inner regions of the CSE and decreases outwards (Figure 53] right top and right

center plots).

5.3.2 VY CMa

The supergiant VY Canis Majoris (VY CMa) is an oxygen-rich star located at

a distance of ~1.2 kpc (Choi et aljm Zhang et all201 j with a mass-loss rate of
3.9x107* Mg, yr~!(updated for the distance of 1.2 kpc; hlanghlji_alj |lﬂ9_4j) The

source is a semi-regular star with a period of ~2000 days ) and it is a

well-studied object with a complex morphology (e.g., lJones et al. |29Dj)

Our observations trace the extended part of the envelope and the total intensity
images observed in the R and V bands (Figure[5.4]) already show signs of asymmetry.
Elongations can be seen in both bands mainly in quadrant Q2. The AARPs of the
different quadrants of these total intensity images (Figure [0} left) do not perfectly
align each other, suggesting an asymmetric CSE. The radial profile of the quadrant
Q2 in the R band shows enhanced emission between ~7.5”7 and ~15.5”, while the
profiles of quadrants Q1 and Q4 are very similar to each other and show a decreased
level of emission. The V' band AARPs of the total intensity image follows a similar

behavior and the emission from quadrant Q2 is enhanced from ~8” to ~13.5”.

The VY CMa polarized images (Figure [5.5]) show that the dust envelope extends
up to about 20.5” corresponding to ~24600 AU from the center of the source in
the R band, and to about 17”7 corresponding to ~20500 AU in the V band. The
complex morphology is also clearly seen in the polarized image, where an elongated
structure with enhanced flux is seen in quadrant Q2. This, again, is clear from the
AARPs of the polarized images (Figure B.6 center). In quadrant Q2 (blue curve)
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Figure 5.1: IK Tau total intensity light images. The top (sharpness criteria equals to 85%)
and center (sharpness criteria equals to 80%) images correspond to the observation in the
R band in logarithmic scale, and the bottom image corresponds to the observation in the

V band in linear scale.
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Figure 5.2: IK Tau polarized images in logarithmic scale. The white vectors show the
polarization direction and their sizes are scaled with the lower limit of the polarization
degree. The top and center images show the observations in the R band with sharpness
criteria of 85% and 80%, and the bottom image shows the observation in the V' band.
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Figure 5.3: Radial profile of IK Tau observations.
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four different directions, averaged over a given angle aperture. Each one of these four profiles
corresponds to a different quadrant. The black line is the mean of the four red lines. The top and
center plots show the radial profiles in the R band, with sharpness criteria of 85% and 80%, and
the ones in the bottom correspond to the V' band. From left to right, the plots correspond to the
total intensity, polarized intensity, and the polarization degree (lower limit) images.
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the emission is enhanced mainly from ~8” to ~12” in both bands (and still higher
further out in the R band). The decreased emission in quadrant Q1 (red curve) is
also clear for the R band image, and in quadrant Q3 (green curve) for the V' band
image.

The direction of the polarization vectors are not centrosymmetric, neither in the
R band nor in the V band. While the vectors in quadrants Q2 and Q4 appear
tangently to the CSE, the vectors in quadrant Q3 have a radial orientation and the
vectors in quadrant Q1 show a pattern between these two cases.

The lower limit of the polarization degree for this source is of up to ~60% at
~5" from the star, and declining to as low as ~3% at ~17” from the center of the
source (Figure B6 right). While the polarization degree is higher in quadrant Q1
in the inner parts of the CSE (from ~5" to ~7-8"), it becomes higher in quadrant
Q2 in outer regions, between ~8.5”7 and ~12”, where the elongation of the CSE is
observed.

Total intensity (R band) Total intensity (V band)

30 . 30 '
20 20 .
10 ' 10
0 ’ 0 ‘
10 : —-10 :
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Figure 5.4: VY CMa total intensity image in logarithmic scale. The top image corresponds
to the observation in the R band and the bottom image corresponds to the observation in
the V band.
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Figure 5.5: VY CMa polarized light image in logarithmic scale. The white vectors show the
polarization direction and their sizes are scaled with the (lower limit of the) polarization
degree. The top image corresponds to the observation in the R band and the bottom
image corresponds to the observation in the V' band.

5.4 Discussion

5.4.1 1IK Tau

The IK Tau dust envelope was analyzed within the spatial scale of hundreds of

milliarcseconds by [Weiner et al) (2006). The authors derived models to fit the mid-
infrared interferometry observations and concluded that asymmetries are present in
the CSE of this source. They report the presence of an arc-like structure at about
200 mas northeast of IK Tau. They also showed that the dust density around the
star changed considerably from the years 1993-1994 to 2003-2004. In the spatial
scale of tens of arcseconds, |Castro-Carrizo et al. (Izﬂld) mapped the molecular gas of
IK Tau in the CO J=1-0 and J=2-1 transitions. They found evidence for aspherical
winds in the inner region of IK Tau and reported that in both maps an elongation

toward west is seen around this source.
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Figure 5.6: Radial profile of VY CMa observations. See caption of Figure [5.3] for details.

Our results map the CSE of IK Tau at similar spatial scales as the CO maps from

basIIQﬁalLiZQ_eI_alJ (IZQld) As reported in Section (.31l from the dust scattered

light in the R band we detected a waist in the northwest-southeast direction and an

elongation toward southwest. In the faint total intensity image in the V band we
also detected an elongation toward southwest in the CSE. Thus, we did not find a
correlation between the asymmetries detected in our work and the ones from the CO
maps. However, as different types of emission are generated by different physical
processes, the two observations can lead to distinct morphologies of the CSE.
Based on our results, we cannot conclude which shaping mechanisms from the
ones described in Chapter 2 are acting on IK Tau. However, we highlight that
hﬁﬁmming&ljﬂj (IZQ]j) detected a magnetic field around this AGB star at distances
of ~250 and ~800 AU and claim that the overall field geometry is either east-west

or north-south oriented. Moreover, |-Ferreir 1. 121!1;5) measured the field
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measured it to be between 1.9 and 6 G between ~5 to ~10 AU. Therefore,
we suggest that the magnetic field could play a role in the shaping process of the

strength to be between ~100 and ~200 mG at tens of AU, while
(@)

asymmetric dust envelope we observed. Additionally, based on the dust scattered
light images we observed in the R band, we highlight the possibility of the existence
of a waist around IK Tau which could be the consequence of the presence of a torii
or disk and be significant for the morphological evolution of this AGB star.

5.4.2 VY CMa

We reported a complex morphology of the nebula around VY CMa at large radius
in Section B.3.2l This adds to previous results for the innermost regions, where a

complex morphology was also detected (e.g., lSmﬁh_eL_alJ |20ﬂ].| Lkm&u_t_ﬂj |20_0j
Kastner & Weintraub

) suggested that this morphology is a consequence of a

flattened envelope and/or that the star is surrounded by a massive circumstellar disk
which would hide the star in optical wavelengths. Such nearly edge-on equatorial
ring or disk of dust would have an outer radius of ~1400-2000 AU (e.g.,

192d; Smith et all [2001), and the axis of rotation of the star and disk would be

oriented in the northeast-southwest direction, with the southwest lobe closer to

us. However, |L|_u.m.phr_eyu_t_al.| (IZM) argue that there is no strong evidence for

the presence of an axis of symmetry or a bipolar axis in VY CMa and, therefore,

the morphology of the nebula around the star is more consistent with a history
of localized mass-loss episodes. These mass-loss events would not necessarily be
aligned with the axis of rotation of the source, its equator, or any axis of symmetry.
Moreover, individual arcs and knots are not only located at different distances, but
also move with different velocities and toward different directions. Nevertheless, a
bipolar outflow was detected from HyO maser observations at hundreds of AU from
the star (IX&L_QA |19_9£5I |Xatﬁs_&lbbﬁn| |_‘L9_$l4| The authors suggest that the outflow
is the result of rotation and/or a stellar magnetic field. lS.mmh_QtJﬂ_J (120&]]) also
claim that a strong magnetic field combined with turbulence could be responsible

for generating a rotational axis of symmetry in the star. A magnetic field with a
strength up to 1.9 G at a few AU (Herpin et al. |1K)d), and of about 200 mG at a
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few hundreds AU has indeed been reported around this source (Vlemmings et alJ

2002).

The most extended emission of VY CMa detected until the present date was
observed in a molecular line survey with the Submillimeter Array (SMA) between
279 GHz and 345 GHz. These observations show that the complex morphology
of the nebula can be seen in the emission of many different molecules. The most
extended structure that was detected was observed from the intense line of CO(3-2),
which shows a hint of emission around 7.5” toward northeast. However, as these

observations filtered out more extended emissions, it is possible that the nebula is

larger than what is shown in the SMA maps (IKammsk.l_QLa.Ll |2Qlj)
Jones et al. (IZDDj) explored the three-dimensional structure of the circumstellar

dust distribution in the envelope around VY CMa. Using polarimetry observations
taken with the Hubble Space Telescope, they mapped the source over a region
of about 6.5”7x6.5” and derived polarization vectors with fractional polarization
from 10% to 80%, with a strong centrosymmetric pattern in all directions except
directly east. The polarization in this nebula was also analyzed by ),
who mapped the nebulosity over a region of ~8”x12” and found a radially plane-
polarized emission up to 70%.

The elongation we detected toward northeast in all VY CMa images agrees with
previous reports of an elongated structure in that direction in the dust distribution
(e.g., ISmith et al. m Jones et _al. M) and in the molecular gas distribution
around the star (IKammsk.wmlJ ). The elongation is located in the direction of
the rotational axis of the source. If a ring or disk with radius of ~1400-2000 AU is
indeed present around VY CMa, its location would be internal to the emission we

report here, as our observations trace the very extended region of the nebula. We
highlight that our images show that the dust distribution around VY CMa extends
for more than 20” or ~24600 AU, which is more than twice as far as shown by the
SMA maps of [Kaminski et al) (IZLFJ)

Decin et al. (M) investigated the mass-loss history of VY CMa in detail with
radiative transfer modeling and compared their results to the observations from

i (lZDQ]J), which corresponds to a maximum radius of about 77. As our
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observations map the nebula up to a much larger radius, this could be used to
constrain models at outer regions of the source. Furthermore, [Decin et alJ (M)

suggested that the asymmetries in the CSE would be more relevant to innermost

regions and, as they focused their analysis on larger radii, they assumed spherical
symmetry in their models. Our results not only show the extended emission of the
nebula, but also confirm that asymmetries are still present at large radii. This indi-
cates that a more realistic model needs to account for asymmetries even if only outer
regions are studied. Thus, our results can be used to gain a better understanding
of the mass-loss history of VY CMa.

The direction of the polarization vectors in our observations is puzzling. While it
appears centrosymmetrical in the northeast and southwest, it is radial in southeast.
In the northwest the orientation of the polarization vectors is neither centrosymmet-
rical nor radial. M(g ) discusses the rotation of the polarization direction as
a function of wavelength for this source. However, our results show a complex orien-
tation of the polarization vectors within a given observing band. The same complex
behavior is seen in R and V bands. Moreover, neither |Herbi M) nor Jones et
al. 2Ql)_ﬂ) detected a similar pattern of polarization orientation when mapping the
inner region of VY CMa. However, lJones et alJ (IZOD_ﬂ) reported that the direction
of the polarization vectors in the nebula is not isotropic, as they observed that the

polarization vectors are not centrosymmetric in the east direction.

We can only speculate on the reason for the observed orientation of the polar-
ization. The nebula around the star extends up to more than 20000 AU and it
is inhomogeneous and anisotropic. Therefore, a possible scenario could be multi-
ple scattering events by different nebula clumps. However, further observations are
needed to confirm the results.

5.5 Conclusions

We observed the AGB star IK Tau and the RSG VY CMa in the R and V
bands. The observations were performed with the ESO 3.6 m Telescope and the

visitor instrument PolCor.
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In IK Tau we detected a dust polarized circumstellar envelope that extends up
to ~15” in the R band and up to ~12”7 in the V band. By applying different
sharpness criteria in the data reduction process, we produced two sets of images of
this source in the R band. No significant differences are seen in the total intensity
images and both sharpness criteria give overall spherical symmetric images as a
result. However, the dust polarized images derived with these different sharpness
criteria show some different structures. While the global elliptical morphology is
consistent in both cases, the presence of a waist is more clear in the sharper case
(with lower SNR). Moreover, while in the higher SNR case the polarization vectors
have a centrosymmetric pattern all around the source, they are missing in the waist
region in the lower SNR case. In the V' band the IK Tau total intensity image shows
that the faint CSE has an elongation in the southwest region. The CSE was not
detected in the polarized light in the V' band.

The VY CMa dust polarized images show an extended envelope up to ~20.5” in
the R band, and up to ~17” in the V' band. Our observations show that the nebula
around the star extends more than twice as far as shown by previous observations of
this source. The complex morphology of the nebula is clear even at large radii, both
from the polarized images and from the total intensity images, and its shape agrees
with previous observations of inner regions of the object. The polarization vectors
around this source show a puzzling pattern and while they are centrosymmetric in
the northeast and southwest they are radial in the southeast. In the northwest the
orientation of the vectors is neither centrosymmetric nor radial. Such behavior is
seen in R and V bands. We suggest that new observations should be performed to

confirm if, in fact, this behavior is real.



Chapter 6

Detached shells around the AGB
stars R Scl and V644 Sco

In this chapter we present the first results of observations of the detached shells around
R Scl and V644 Sco with the ESO 3.6 m Telescope and the visitor instrument PolCor.
The complete analysis of this work is in preparation for publication by Maercker et al.
The data analyzed here were observed by collaborators and myself, and correspond to a
sub-sample observed in a mission led by Dr. M. Maercker and Dr. S. Ramstedt.

We detected a shell around R Scl that is brighter in the north than in the south, and
observed that the region between the shell and the star does mot look empty in dust scat-
tered polarized light. Our images match well previous observations taken with the Hubble
Space Telescope and with the Atacama Large Millimeter/submillimeter Array. The derived
radius of about 5250 AU of the shell implies the age of the shell to be ~1750 years. We
fitted a Gaussian to the radial profile of the shell and estimated from its FWHM the width
of the shell to be ~4.7”. However, the derived radius is likely underestimated by ~8% and
the shell width is likely overestimated by ~20%.

For the first time an image of the dust detached shell around V644 Sco is reported
and the observations show a shell that is sharper than the one around R Scl. The region
between the star and the shell appears more empty in dust polarized light than the cor-
responding region in R Scl. The detached shell surrounding V644 Sco is brightest in the
northwest, and the derived radius of about 6400 AU implies that the shell is ~1300 years
old. The width of the shell was estimated to be ~3.9”7. Again, we expect the derived radius

111
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to be underestimated by ~8% and the shell width to be overestimated by ~20%.

6.1 Introduction

Geometrically thin (width/radius < 0.1) detached shells around AGB stars were

first detected by ) from CO line emission. The mechanism of

how these shells are formed is not yet fully understood, but the widely accepted
model for their formation predicts that, as a consequence of a helium shell flash,
an intense and short (< 500 years) mass-loss event can take place. In the moment
after this eruption and until the stable wind blows again, the mass loss would be
interrupted or be very low. The high density expanding shell related to the He shell
flash mass-loss event would expand faster than the material expelled previously to
the He shell flash. Therefore, the faster wind would sweep the slower one, forming

the detached shell (Iﬁtﬁﬁan_&_s_djmh&m&dbﬂﬂd, hMaLLsmn_ej_alJbDD_ﬂ) The velocities

associated with the fast and the slow expanding shells are not yet well determined,
but a model presented by |Mam_tssml_e_tﬁlj (IZDQj) predicts wind velocities of ~20 km /s
and ~10 km/s for the fast and slow winds, respectively.

So far, only the following AGB stars are known to be surrounded by detached

shells of dust and gas: S Sct (IQJQf&SQ_nﬁLal.IhM), R Scl, V644 Sco, U Ant: TT Cif

%&Mﬁjﬂh@d), U Cam (thj.udgmsi_ej_a.ljhﬁ)ﬂg), and DR Ser |
). These seven sources are unique for the investigation of mass-loss events of

evolved stars, as the shells give us the chance to learn about the temporal evolution

and the direction dependence of such events.

Gonzalez Delgado et al. (IZ)DJ, M) were the first to image detached shells
around AGB stars from dust scattered light. They observed R Scl to have an almost

perfectly spherical shell of ~21” in radius, with its intensity dropping sharply in total
intensity light. From the dust scattered image and a model of the dust scattering
they concluded that the shell is ~2” wide. In an analysis complemented by data

from the literature, kkmzeiﬂ_ﬂelgadmij (IZDDj) also discuss that three different

regions are likely to compose the CSE of R Scl: the present-day mass-loss material
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located in the inner region (<~10"), the matter responsible for the CO radio line
emission in an intermediate location (>~10" and <~19”), and the dust component
located further out (>~19” and <~21"). The detached shell dust mass is derived
to be of about 2x107% Mg, and the shell age is found to be of about 2200 years
with a formation period of about 220 years.

Observations with the Hubble Space Telescope (HST') reported by [Olofsson et a

) also detected the spherically symmetric dust shell around R Scl, confirming
that the mass loss responsible for creating the shell must have been remarkably
isotropic. These observations do not cover the full detached shell, but a circular arc
fitted to the bright limb suggests it not to be centered at the stellar position, with
an offset of ~0.7” which would be justified by the presence of a binary companion.
From the HST observations the shell has a radius of 19.2” and a width of 1.2”, which
is consistent with a 1700 years old shell with a formation period of 100 years and a
dust mass of 3x107°% M.

Atacama Large Millimeter/submillimeter Array (ALMA) CO emission observa-
tions of R Scl, reported by|M@ﬂle_r_e_tﬁ.L| ), show a shell with a radius of 18.5”,
containing a spiral structure in its interior. The spiral is suggested to be generated

by the presence of a binary companion. From the analysis of these data, no evidence
for a deceleration of the shell was found, which is contrary to the current theory for
the formation of the detached shells.

In this chapter we report the results from observations of the dust scattered light
of the AGB stars R Scl and V644 Sco. As previously presented, the first one is a
well-studied source, believed to be located at ~290 pc from us (I.K.u.ap_pj_t_a.lj |21)D_d)
It has a luminosity of 4300 L, a present-day mass-loss rate of 3x10~7 My yr—!

(lS_dm_lfzr_e_t&lJbDDj), and the expansion velocity of the shell is found to be 14.3 km//s
(Maercker et._al. 2!!15). For the second case of our study, V644 Sco is reported to

be at a distance of 700 pc if a luminosity of 4000 L. is adopted. Its mass-loss
rate is 5x107% My yr—! and the expansion velocity of the shell is 23 km/s (Schoier
et al. 2MLEI) Although the existence of a detached shell around V644 Sco has been
known since 1996 (I@Qﬁi&@ﬂﬂ_aljhﬂﬂd), it has never been imaged before and is much

less well investigated than the shell surrounding R Scl. From models presented by
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Schoier et alJ (IZJDEJ), the shell dust mass was estimated to be 1.4x10™* My. The
authors also derived that the radius of the shell is 10.5”.

In Section [6.2] we present the details of our observations and in Section
the results. A discussion is made in Section and the conclusions are shown in
Section [6.5]

6.2 Observations and Data Reduction

We observed the AGB stars R Scl and V644 Sco with the ESO 3.6 m Telescope
at the La Silla Observatory (Chile) and the visitor instrument PolCor. The observa-
tions were carried out in the same mission as described in Chapter Bl For a general
description of the observations and data reduction process, see Section

The targets were observed with a coronograph of 3”7 and 6” in diameter in three
optical bands: R, V', and B. The observation details are shown in Table The
effective seeing, shown in the last column of this table, was derived from the FWHM
of background stars in the total intensity images of V644 Sco. As no background
stars are present in the images of R Scl, we present the maximum value of the seeing
during the observations of that source. An improvement of 20%-30% over that value
is expected in the images we present due the usage of the “lucky imaging” method.

6.3 Results

The AGB stars R Scl and V644 Sco are known to be surrounded by detached
shells (e.g., [Olofsson et al. |L99d; Schoier et al. M) We observed these sources
aiming to image the total intensity (Figs. and for R Scl and V644 Sco,
respectively) and the dust scattered light (Figs. and for R Scl and V644 Sco,
respectively) of the shells. These images were derived following the routine described
in Chapter Bl The figures show the emission with SNR > 5 (V644 Sco; B and
V' bands) and SNR > 7 (R Scl; B, V, and R bands and V644 Sco; R band).
We masked out a region with 4”7 of diameter in the center of the images observed

with the coronograph of 3”7, and a region with 8” of diameter in the center of the



Table 6.1: Observation details

Source F CD TFram Sharp FRO Fr4d5  Fr90 Fr135 Exp EfS Date
(") (s) () (dd/mm/2011)
R Scl B 3 3000 80% 2933 2952 2956 2920 0.1 <1.1 27/10
R Scl vV 3 3000 80% 2892 2440 1909 1918 0.04 <1.3 19/10
R Scl V 6 6000 80% 5973 5983 5994 5997 0.04 <1.3 19/10
R Scl R 3 3000 80% 2954 2978 2988 2984 0.04 <1.3 19/10
V644 Sco B 3 1500 95% 1500 1500 1500 1500 0.1 1.0 27/10
V644 Sco V3 7500 80% 7420 7406 7377 7426 0.1 1.3 24/10 & 26/10
V644 Sco R 3 15000  80% 11151 11137 11187 10831 * 1.3 24/10 & 26/10 & 27/10
V644 Sco R 6 3000 80% 2887 2925 2881 2891 0.1 1.8 23/10

From left to right: Source name (Source), filter band (F), coronograph diameter (CD), number of observed
frames (TFram), sharpness criteria (Sharp), number of selected frames in each polarization direction (Fr0,
Fr45, Fro0, Fr135), exposure time of a single frame (Exp), effective seeing (EfS), and date of observation

(Date).

*Observations with 0.04 s and 0.1 s were combined for this data set.

SLINSHY €9
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Table 6.2: AARP angle ranges

Source FB CD Q1 Q2 Q3 Q4
") © (°) () (°)

R Scl B 3 35-55  125-145 240-250 305-325
R Scl Vo3 3555  125-145 240-250 305-325
R Scl V. 6 35-55  125-145 240-250 305-325
R Scl R 3 35-55  125-145 240-250 305-325
V644 Sco B 3 26.5-30 126-128 203-210 293-300
V644 Sco V3 26.5-30 126-128 203-210 293-300
V644 Sco R 3 26.5-30 126-128 203-210 293-300
V644 Sco R 6 26.5-30 126-128 203-210 293-300

From column 1 to column 7: Source name (Source), filter band (FB), coronograph
diameter (CD), and the angle ranges of quadrants Q1, Q2, Q3, and Q4.

images observed with the coronograph of 6”. This was done to avoid not only the
coronograph region but also the region immediately close to it, which may suffer from
image distortions due to the presence of the coronograph. Moreover, one should take
special caution regarding the interpretation and reliability of any emission close to
the region that has been masked out. Polarization vectors, scaled in size to the lower
limit of the polarization degree (see Chapter [ for a discussion on why we derive
the lower limit only), are shown overplotted on the polarized emission images. The
polarized light images show, in gray scale, the region where the spider coronograph
is located. The polarization vectors originated in this region are not shown.

The AARP plots, derived from the figures mentioned in the previous paragraph,
are shown in Figs.[63land[6.6l The angle range considered for each quadrant is shown
in Table The spider area and background stars were avoided when defining the
angle ranges. Note that spurious structures in the images (e.g., diffraction spikes)
and clumpy regions in the source may affect the AARPs, in particular for zones with

smaller radii.
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6.3.1 R Scl

The detection of the detached shell is clear in the R Scl total intensity images
(Figs. [61)) in all three observed bands. In the B band the emission level of the
shell is comparatively lower than in the V' and R bands, but its presence is still
evident. Additionally, the detached shell can also be identified in the AARP of
the total intensity images (Figure [63] first column). These plots show that the
shell is brighter in quadrant Q2 (blue curve), while in quadrants Q3 and Q4 (green
and magenta curves) the shell is less bright. In other words, the detached shell is
brighter in the north than in the south. This pattern is seen in all three bands. The
detached shell appears as a filled disk in the total intensity images as emission from
the whole three-dimensional structure of the shell contributes to the image. As a
consequence, a deviation from the stellar PSF can be identified in the corresponding
AARPs from ~9.5”7 to ~217. This is easier to identify from the brighter AARP
(blue curve, quadrant Q2) in the B and V bands.

In dust polarized light (Figure 62)), the detached shell is also easily identified
in all three observed bands, but now it appears as a ring-like structure. This is
due to the fact that the radiation is strongly polarized when the angle between the
star, the shell, and the observer is ~90°. Therefore, the polarized images map the
dust in a well-defined plane of the source that passes through the star. Notice that,
again, the shell is brighter in quadrants Q1 and Q2, and the structure shows some
clumps along the bright limb, with some areas where the emission is lower or absent
(lower than the SNR mask). Specifically, notice the apparent gap in the limb of the
shell in quadrants Q3 and Q4, suggesting a lower density of dust in those regions.
Moreover, despite the fact that the polarized images map a well-defined plane, they
still show the presence of dust also inside the shell. This is true even not considering
the region close to the zone that has been masked out. Notice that the AARPs of
these images (Figure[6.3] second column) show an increase of polarized emission for
radii greater than ~10”, while the border of the shell is located much further out
than that. It is also clear that the emission is brighter in quadrant Q2 and weaker
in quadrant Q4. These radial profiles point to the extension of the shell up to ~21”.

The radial profiles of the polarization degree (Figure[6.3], third column) show that
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in the R and in the V' bands the peak of polarization goes from ~20% in quadrant
Q4 up to ~40% in quadrant Q2, decreasing smoothly inwards and outwards from
the bright limb of the shell. The polarization degree in the B band is lower and it
peaks at ~15% in quadrant Q2. We highlight that the polarization degree values
that we derived correspond to lower limits.

6.3.2 V644 Sco

We detected a detached shell around V644 Sco in the V' and R bands. In the
total intensity images (Figure [64]) the shell is visible in these two bands as a faint
disk surrounding the star. The AARPs of the total intensity images (Figure[6.6] first
column) show how the shell deviates from the PSF of the star, while the location
of the shell is more prominent in the polarized intensity images (Figure 6H). In
the V' and R bands polarized images with the coronograph of 3”7 in diameter, the
shell looks like a well-defined ring and not much emission is seen from the region
between the shell and the star. In the polarized image with the 6” coronograph,
it is possible to notice more emission from inner regions and the ring is brighter in
quadrants Q1 and Q3. However, some spurious artifacts are likely to be present in
this image. Notice, for example, that the bright background star in quadrant Q2 is
double peaked. Several attempts to improve the data reduction process in this data
set were done, but these problems could not be solved. Therefore, the results from

this image should be used with caution.

The AARPs of the polarized images in the V and R bands with the coronograph
with a 3” diameter (Figure [6.4], second column, second and third lines) show a more
pronounced profile for the detached shell around V644 Sco. Moreover, an offset
between the AARP in quadrant Q4 and the AARPs of the other quadrants is seen.
This is even more evident in the R band, where the peak of emission is shifted by
~17 between the red and magenta curves. However, we highlight that this value
is lower than the effective seeing of the image, which is 1.3”. The shell is located
between ~7.5” and ~117 from the star, with the peaks in the different quadrants
located between ~8.5” and ~9.5”.

The lower limit of the polarization degree of the shell around V644 Sco is signifi-
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Figure 6.1: R Scl total intensity images in logarithmic scale in B (top left), R (top right),
and V (bottom left and bottom right) bands. Both images on the top and the image on
the bottom left were observed with a coronograph with 3” of diameter, and the image on
the bottom right with a coronograph of 6” of diameter.
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Figure 6.2: R Scl polarized light images in logarithmic scale in B (top left), R (top right),
and V' (bottom left and bottom right) bands. The white vectors show the polarization
direction and their sizes are scaled with the lower limit of the polarization degree. Both
images on the top and the image on the bottom left were observed with a coronograph
with 3”7 of diameter, and the image on bottom right with a coronograph of 6” of diameter.
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Figure 6.3: Radial profile of R Scl observations.
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The colored lines refer to the profiles over

four different directions, averaged over a given angle aperture. Each one of these four profiles
corresponds to a different quadrant. The black line is the mean of the four colored lines. The top
plots show the radial profiles in the the B band, the ones in the second line correspond to the
R band, and the ones on the third and last lines are from the the V band. From left to right,
the plots correspond to the total intensity, polarized intensity, and the polarization degree (lower

limit) images.
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cantly higher in the R band than in the V' band. While the peak of the polarization
degree in the R band goes from ~4.5% to ~8% in the different quadrants, in the V'
band it varies from ~2.5% to less than ~4.5% in the different quadrants.

6.4 Discussion

Fitting a Gaussian to the AARP can give a reasonable result for the radius and
the width of the shell, and this method is consistent with the results obtained by a
model of the shell (IM&l]IQH_&_HJJgng&J |20£ld) However, Maercker et all (|2Ql_d) claim
that a Gaussian fit to the peak and tail of the shell can overestimate the width by
~20% and underestimated the radius of the shell by ~8% due to a limb-brightening
of the inner part of the shell. Despite the fact that a more robust method to obtain

these quantities would be to derive theoretical AARPs, here we simply fit a Gaussian
to the mean radial profile of the shell (Figs. [67 and [6.8)), keeping in mind that the
radius and width are likely to be over/underestimated by the factors mentioned
above. A more detailed investigation of the radius and width of the shell will be

presented in an upcoming paper by |Ma&m]ﬁir_ei_al.| (Im_pmp_J)

6.4.1 R Scl

From previous works the detached shell surrounding R Scl was found to have
a radius between 18.5” and 217, a width of between 1.2”7 and 2”7, a dust mass
between 2x107% My, and 3.2x107° Mg, an age between 1700 years and 2200 years,
a formation period between 100 and 220 years, and an expansion velocity between
14.3 km/s and 15.5 km /s (Gonzdlez Delgado et a1.| |2003i; |Schéier et al“200d; Olofsson

et al. M m@_@_&_] 2012). In the following, we will assume a distance of

290 pc app et alJ |200Zi) and a shell expansion velocity of 14.3 km/s (Maercker
et al. |j_)

We fit Gaussians (Figure [6.7) to the average AARP of the polarized images in
each band to identify the position of the peak emission and the width of the shell.

The average result from the four images gives a radius of ~18.1”7 or ~5250 AU. Such
radius implies an age of ~1750 years for the shell. We highlight that these results are
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Figure 6.4: V644 Sco total intensity images.
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The top left image corresponds to the B

band in linear scale. The other three images are shown in logarithm scale, where the V'
band image is shown on top right and the R images are on the bottom. The bottom right
image was taken with a coronograph of 6” of diameter, and the remaining three with a

coronograph of 3” of diameter.
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Figure 6.5: V644 Sco polarized light images in logarithmic scale. The white vectors show
the polarization direction and their sizes are scaled with the lower limit of the polarization
degree. The top left image corresponds to the B band, the V band image is shown on
top right and the R band images are on the bottom. The bottom right image was taken
with a coronograph of 6” of diameter, and the other three with a coronograph of 3” of

diameter.
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Figure 6.6: Radial profile of V644 Sco observations. The colored lines refer to the profiles over
four different directions averaged over a given angle aperture. Each one of these four profiles
corresponds to a different quadrant. The black line is the mean of the four colored lines. From
top to bottom, we show the plots of B, V, and R (with the 3” and 6” diameter coronographs)
bands. From left to right, the plots correspond to the total intensity, polarized intensity, and the
polarization degree (lower limit) images.
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likely to be underestimated by a factor of ~8% (Maercker et alJ 2!!11*). The results
from each individual Gaussian fit are shown in Table and, considering that they

are underestimated by ~8%, they are consistent with results from the literature.

The width of the shell is not constant in all directions and different values are
found in the different quadrants. As we fit a Gaussian to the averaged AARP of
all four quadrants, the derived FWHM is expected to be broadened, leading to an
upper limit of the shell width. On top of that, the FWHM overestimates the shell
width by a factor of ~20% (IMEEEMI;L” M) Our results point to a width of
the shell of ~4.7”, which would correspond to a time of formation of ~450 years (see
Table for the results from each individual Gaussian fit). However, we highlight
that the creation duration is not the only aspect to influence the width of the shell

(e.g. the temperature of the gas is also an important factor). Moreover, the shell

width may vary along its evolution [ZD_Oj), which is not predicted

by [Steffen honberner (2000). Therefore, the results for the time of formation of
the shell should be taken as a rough estimate. Our result for the width of the shell
is higher than the ones from the literature. The work that reports the smallest value
for the width of the shell around R Scl is the one that uses the data from the HST.
Comparing our results of the width of the shell with the observations from the HST
(1.37; Olofsson et al) |2Qld)7 we assign the difference to (i) the different width of the
shell at different positions, (ii) the fact that our Gaussian fit likely overestimates
the width by ~20%, (iii) the fact that the observation from m_fssgm_aﬂ (IZQMJ)
only cover ~1/3 of the shell, being dominated by a bright arc along the shell. In

combination with item (iii), we highlight that our observations show an apparent
flattening of the shell in the south, which could lead to a larger FWHM.

We searched for an offset between the center of the shell and the position of the
star and found it to be between 0.3” and 0.5” in the images from the different bands.
The direction of the measured offset is not the same in each one of the four images,

but it is always approximately toward east. This offset can be compared with the

value of 0.7 found by |Olofsson . (2!!1!i). Even though the presence of an offset
is expected for this source, as the observations with ALMA suggest the presence
of a binary companion to this AGB star, our measurements are not conclusive, as

the value of 0.37-0.5” is likely to be smaller than the effective seeing of our images.
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Table 6.3: Results given by each individual Gaussian fit.

Source FB CD Ras Rau Age Wd Wdau FT
() () (AU) (yrs) () (AU)  (yrs)

R Scl B 3 17.7% 5130% 1700% 4.4%* 1270%*F 420**
R Scl V 3 18.3* 5300* 1760* 4.5%* 1300** 430**
R Secl V 6 182% 5270* 1750*% 4.8%F 1400** 470**
R Scl R 3 183* 5320% 1760* 5.0%*F 1440%* 480**
V644 Sco B 3 - — - — - -

V644 Sco V 3 9.0 6320* 1300* 3.8%F 2670** 550**
V644 Sco R 3 9.2*%  6440* 1330* 4.0%* 2790** 570**
V644 Sco R 6 9.0* 6280* 1300* 5.2*%F 3640** T50**

From column 1 to column 7: Source name (Source), filter band (FB), coronograph
diameter (CD), radius in arcsecs (Ras) and in AU (Rau), age of the shell (Age),
width of the shell in arcsecs (Wdas) and in AU (Wdau).

* Likely to be underestimated by ~8%.

** Likely to be overestimated by ~20%.

Finally, we highlight that the images reported here are the first images with high
spatial resolution of the entire detached shell of dust around R Scl.

6.4.2 V644 Sco

The existence of a detached shell surrounding V644 Sco was first suggested by

b]&ﬁ&sml_ei&lj (|l9_9_d), who performed CO observations for a sample of AGB stars.

However, such a structure has never been imaged until the present date. From

molecular line modeling, |Schoier et al. (|2£)Q5|) derived that the expansion velocity of
the shell is 23 km/s. We will adopt this velocity and a distance of 700 pc from us

to this source for the discussion in the next paragraphs (Schoier et alJ M)

Following the same procedure performed on the R Scl data, we fit Gaussians to
the averaged AARP of the detached shell detected in the dust scattered images of
V644 Sco (Figure 6.8]) to identify the position of the peak emission and the width
of the shell. This analysis was done only for the images in the R and V bands,
as the shell was not detected in the B band. We present the results from each
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individual Gaussian fit in Table .3 We highlight that these results are likely to
be underestimated by ~8% (Maercker et al. 201 !J and that the results from the

observation in the R band with the coronograph with 6” of diameter should be taken

with caution, as discussed before. Therefore, not considering the estimates from this
image, on average we estimate a radius of ~9.1” or 6400 AU, implying an age of
~1300 years for the shell, which makes this shell younger than the one around R Scl.

The width of the shell, given by the average of the FHWM of the Gaussian fits is
of ~3.9” (not considering the estimate from the R band image with the coronograph
with 6”7 of diameter). This corresponds to a time of formation of ~560 years, if
we directly associate the shell width with the creation duration of the shell. See
Table for the results from each individual Gaussian fit. Again, notice that these
results are likely to be overestimated by ~20% dMaﬂd&rﬁi&lJ |2£lld)

Finally, we emphasize that the shell is well centered on the star. We measured
an offset of the detached shell of about 0.2”, which is significantly smaller than the

effective seeing of the images. Therefore, only further observations could confirm

whether such an offset is in fact real or not. On this subject, we highlight that no

signs for a binary companion were ever found for this source.

6.4.3 R Scl versus V644 Sco: The Region Between the Star
and the Shell

The comparison of the shells around R Scl and V644 Sco is not straightforward,
as the angular size of the shell around R Scl is bigger than the one around V644 Sco.
This difference in angular size makes the coronograph block and contaminate a bigger
area in the images of V644 Sco than in the images of R Scl. We believe that this
difference in the quality of the images may be the cause of the detection of more
emission from the region between the star and the shell in the dust polarized images
of R Scl, in comparison to V644 Sco.

The polarized intensity images of R Scl indicate that the region between the
star and the shell is not free from emission in all three bands we observed. For
V644 Sco the analysis of the polarized image in the R band with the coronograph
of 6”7 of diameter is more complicated, as this image may contain spurious artifacts
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as discussed in Section However, in the V and R bands observed with the
coronograph of 3”7 of diameter, the region between the star and the shell looks emp-
tier than the corresponding region in R Scl. Moreover, the AARPs of V644 Sco are
significantly sharper in the shell region than the ones of R Scl.

If the non-detection of a gradual intensity decrease in the region between the star
and the shell in V644 Sco is not an observing effect, but reflects an intrinsic property
of the source, the immediate conclusion would be that this region is significantly
more depleted of dust in V644 Sco than in R Scl. If this is true, we suggest that
the spiral structure of molecular gas detected in R Scl (IMaﬂ_leIjLalJ |2Q1j) could

be related to the dust emission we detected in the inner regions of in this source.

Moreover, we highlight that the present-day mass-loss rate in R Scl (3x1077 Mg

yr~1) is higher than in V644 Sco (5x1078 Mg, yr~!; Schéi y

6.5 Conclusion

We observed the AGB stars R Scl and V644 Sco with the ESO 3.6 m Telescope in
the B, V, and R bands, obtaining the total intensity and the dust scattered images
of the sources and the detached shells that surround them. The detached shells were

successfully detected in total intensity and dust scattered images in the B, V', and
R bands for R Scl, and in the V' and R bands for V644 Sco.

The observations of R Scl show a shell that is brighter in the north than in the
south. The region between the star and the shell is not free from emission and from
the polarized images one can identify the presence of dust from ~10” to ~21”7. The
width of the shell around R Scl was derived from the FWHM of Gaussian fits to
the radial profiles of the polarized image. Our results agree with a width of 4.77,
implying a formation time of ~450 years for the shell. We also used the Gaussian
fits to derive the position of the peak of emission of the shell. This position was
used to determine the shell radius, that we found to be of about 18.1” or 5250 AU,
implying a shell age of ~1750 years. However, we highlight that the width of the
shell is likely overestimated by ~20%, and the radius is likely underestimated by
~8%. The lower limit for the polarization degree was found to be from ~20% and
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~40% in R and V bands, peaking at ~15% in B band. The polarization vectors

follow a centrosymmetric pattern.

It was the first time that the detached shell around V644 Sco was imaged, and
the results show a well-defined shell around the star. The shell is brighter in the
northwest and less bright in the southwest, and it is found to be well centered on
the star. We derived the detached shell around V644 Sco to have a radius of 9.1”
or 6400 AU. As a consequence, the age of the shell was inferred to be 1300 years,
making this structure younger than the shell around R Scl. Its width of 3.9” implies
a formation time of 560 years. Again we expect the results for the radius (width)
of the shell to be underestimated (overestimated) by ~8% (~20%). The lower limit
of the polarization degree was observed to be between ~4.5% and ~8% in R band,
and from ~2.5% up to less than ~4.5% in V band. The direction of polarization

was found to follow the shell in a centrosymmetric pattern.



Chapter 7

Conclusions and perspectives

In this chapter the main conclusions of this work are summarized. Moreover, an
overview on a research project that I plan to perform after my PhD is given. This project
1s in the same line of investigation as this thesis and will provide complementary results

to the ones presented in Chapters[3 and[j)

7.1 Conclusions

We investigated the change of morphology that takes place in the late phases
of the evolution of stars with initial masses between 0.8 and 8 M. In Chapters [
and [2 the stellar evolution of low- and intermediate-mass stars and the state of
art of theories to explain the asymmetries on evolved stars were reviewed. Also in
Chapter [ I described the observation techniques that were used in this work, and
discussed the nature of the radiation investigated in this thesis. In Chapter [ to
the results of my research were reported and discussed. In the following paragraphs

these results are summarized.

The pre-PN OH231.844.2 (Rotten Egg Nebula; Calabash Nebula) is an evolved
star with a binary companion. This bipolar nebula has a massive outflow with
unknown origin. In Chapter B] the detection of 30 HoO masers toward this source
is reported. The masers are moving away from the stellar pair in the direction of
the collimated outflow with a velocity of 21+11 km/s. Three of the observed masers

133
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present linear polarization and we assign the scatter between the polarization angles
to be either caused by turbulence or to trace tangent points of a toroidal magnetic
field. We detected circular polarization in the two brightest masers, one of them
located to the north and the other one to the south of the stellar pair. From a model
fit of the Stokes V spectra of these two masers we derived magnetic field strengths
of 44+7 mG and —294+21 mG, respectively in the north and south regions of the
source. Assuming a global toroidal field, we extrapolated the magnetic field strength
to be 2.5 G on the surface of the central star. The pre-PN OH231.844.2 is the first
evolved star known to be in a binary system in which the presence of a magnetic
field is confirmed toward the circumstellar envelope.

The HyO masers around four AGB stars were also analyzed, as reported in
Chapter @ Although no masers were detected surrounding AP Lyn, several ones
were observed toward IK Tau (85 features, located between 10.1 and 29.2 AU from
the star), RT Vir (91 features, located between 2.4 and 18.0 AU from the star),
and IRC+60370 (62 features, located between 5.5 and 53.0 AU from the star). We
identified a structured spatial distribution of maser velocities around IK Tau and
discussed a similar pattern in RT Vir. Linear polarization was detected in nine
masers toward RT Vir, and nine more around IRC+60370. Significant circular
polarization detection was reported in 11 masers of which three have been found
in IK Tau and RT Vir and four in IRC+60370. From these detections we derived
magnetic field strengths between 4743 mG and 331£82 mG in the HyO maser
region of these targets, increasing the number of AGB stars around which magnetic
fields have been measured in the HyO maser region by a factor larger than two.
We investigated the geometry of the observed magnetic fields by inferring their
dependence with respect to the distance to the star. However, there is not enough
data available in the literature for a conclusive statement. With the geometry of the
field unknown, we investigated the field strength at the surface of the star assuming
toroidal, poloidal, and dipole geometries. If a toroidal field is assumed, the field
strength extrapolated to the surface of the stars is of a few Gauss. In case of a
poloidal field our results are consistent with fields of a few tens of Gauss on the
stellar surface. Finally, the dipole geometry results in fields with tens up to a couple

of thousands Gauss on the surface of the stars. We also found that the measured
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magnetic energy density dominates over typical values of the thermal and kinematic
energy densities on evolved stars, what supports the hypothesis that the magnetic
fields can indeed play a significant role in the shaping process of AGB stars and
Planetary Nebulae.

We imaged the dust CSE of four AGB stars and one red supergiant by observing
the light scattered by the dust in the envelopes of the stars. In Chapter Bl the
asymmetries that we detected in the circumstellar envelope of 1K Tau, and the
complex morphology observed in the nebula that surrounds the RSG VY CMa are
reported . The images of IK Tau show a CSE that extends up to ~15” in the R band,
and the image of the dust scattered light reveals a global elliptical morphology. The
presence of a central waist is discussed. An elongation with an extension of ~12”
is reported from the faint total intensity image in the V' band. The nebula around
VY CMa extends up to 20.5” in the R band and up to 17”7 in the V band. These
results show that the nebula around VY CMa is more than twice as extended as
it was previously reported. A puzzling pattern was found for the direction of the

polarization vectors in the envelope of this source. Such pattern is seen in both, the
R and the V' bands.

In Chapter [ the observations of the circumstellar envelopes of the AGB stars
R Scl and V644 Sco are discussed. These two sources present detached shells sur-
rounding the stars and we imaged the shells in total intensity and in dust scattered
light in the B, V, and R bands. We observed the shell surrounding R Scl to be
brighter in the north than in the south. The region between the shell and the star
is not free from emission in the dust scattered images, suggesting that dust might
be present from ~10” to ~21” from the star. We derived an average shell radius of
~18.1" corresponding to 5250 AU, implying the shell to be ~1750 years old. We
discuss that these results are likely underestimated by ~8%. From the FWHM of
Gaussian fits to the averaged shell radial profiles of the dust scattered images we
derived an averaged shell width of 4.77, suggesting a shell formation time of about
450 years. We highlight that the FWHM of a Gaussian fit is likely to overestimate
the width of the shell by ~20%. Moreover, the average of the radial profile of the
shell over different directions might cause the shell to be smudged out and, since

the width is not constant throughout the shell, it would also act to overestimate
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the shell width. For the first time, the shell around V644 Sco was imaged and the
results show a well-centered shell. The dust polarized images show that the region
between the star and the shell in this source is significantly less bright than the
corresponding region in R Scl. Although a comparison between the sources is not
straightforward due to the different size scales of the shell on the sky, we suggest
that V644 Sco could be depleted of dust in the region between the star and the
shell. The measured radius of the shell is ~9.1”7 or 6400 AU, suggesting a shell
age of about 1300 yrs. From the FWHM of Gaussian fits we derived that the shell
width is 3.9”7, suggesting a shell formation time of 560 years. Also for V644 Sco, we
highlight that the our result for the radius is likely underestimated by ~8% and the
width result is likely overestimated by ~20%.

7.2 Perspectives

In Section the geometry of magnetic fields around AGB stars is discussed.
To further investigate that topic it is necessary to infer the dependence of the mag-
netic field with respect to the distance to the star. This analysis requires the observa-
tion of different maser species from which we can derive the field strength in different
distances to the star. I prepared an observing proposal to the eeMERLIN interfer-
ometer, aiming to detect linear and circular polarization in OH masers around five
AGB stars: IK Tau, RT Vir, U Ori, W Hya, and U Her. This investigation will
add data points to Figure 4.5 of this thesis, helping us to have a more complete
view on the geometry of magnetic fields around AGB stars. The e-MERLIN ob-
serving proposal, under the code CY1025, was granted with observing time, and the
observations are planned to be carried out in the second semester of 2014.
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